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beam  and  approximately  2  kwhr  of  energy  are  required  per  kilo  of  powder.  Manufacturing 
costs  are  projected  to  be  $1.50-5. 00/kg  plus  the  cost  of  the  reactants. 

Resulting  powders  have  been  dispersed  and  shaped  into  flaw-free,  maximum  density 
green  parts;  colloidal  pressing  and  centrifugal  sedimentation  techniques  have  been  used 
successfully.  Reaction  bonded  silicon  nitride  (RBSN)  forms  from  the  Si  powders  in 
unusually  rapid,  low  temperature  (e.g.  1150“C,  1  hr  and  1250°C,  10  min)  exposures. 
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The  properties  of  both  RBSN  and  sintered  SiC  (SSC)  parts  made  from  the  laser- 
synthesized  powders  are  excellent.  RBSN  strengths  (up  to  690  MPa)  are  3-5  times 
values  normally  observed  at  the  same  densities  and  are  in  the  range  normally  associated 
with  fully  dense  alpha-S^N^.  The  strengths  of  the  SSC  parts  are  also  much  higher  than 
are  normally  observed  (up  to  714  MPa) .  The  oxidation  resistance  of  the  RBSN  is 
approximately  10  times  better  than  conventional  RBSN  and  5-10  times  better  than 
commercial  hot  pressed  SijN^  (HPSN)  for  1000  and  1400°C  air  exposures.  The  superior 
properties  and  consolidation  kinetics  result  directly  from  the  high  quality  of  the  green 
parts  and  the  purity  levels  maintained  in  the  powders  through  the  firing  stage. 

As  a  separate  topic,  the  surface  tensions  and  densities  of  A^O^  melts  with  MgO, 

Ti02  and  Zr02  additions  were  measured  in  air.  He  and  He-H2  atmospheres  using  the 
pendant-drop  technique.  Melts  on  the  bottom  ends  of  sintered  rods  were  formed  by  CO2 
laser  heating.  A  curve  fitting  technique  was  developed  that  improved  the  experimental 
accuracy  of  analyzing  the  short  pendant  drops  that  are  characteristic  of  these  materials. 
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SUMMARY 


SlNTERABLE  CERAMIC  POWDERS  FROM  LASER  HEATED  GASES 

by 

Dr.  John  S.  Haggerty 
Energy  Laboratory 
Materials  Processing  Center 
Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts  02139 

The  focus  of  this  research  program  changed  continuously  as  our 
understandings  permitted  us  to  transition  from  simply  demonstrating  the 
feasibility  of  the  laser-heated,  powder-synthesis  process  to  the  evaluation  of 
properties  of  parts  made  from  powders  synthesized  under  optimized,  high  mass 
flow  rate  conditions.  The  program's  scope  included  powder  synthesis,  post¬ 
synthesis  processing  and  property  measurement  tasks  for  Si,  Si3N4  and  SiC 
powders  made  from  laser  heated  gas-phase  reactants;  Si  powders  were  used 
for  making  reaction  bonded  silicon  nitride  (RBSN).  More  broadly,  this  research 
program  sought  to  demonstrate  the  validity  of  the  processing-microstructure- 
property  paradigm  first  proposed  by  MIT;  we  believed  it  would  only  be  through 
the  use  of  highly  perfect  powders  and  careful  post-synthesis  processing  steps 
that  it  would  be  possible  to  achieve  the  uniform,  defect-free  microstructures  and 
the  resulting  property  improvements  needed  for  many  demanding  applications. 
The  powder  characteristics  that  were  sought  were  small,  uniform  diameters, 
spherical  shapes,  high  purity  and,  most  importantly,  an  absence  of 
agglomerates. 

In  the  laser-heated  powder  synthesis  process,  reactant  gassed  are 
heated  to  reaction  temperatures  by  absorbing  IR  photons  emitted  from  a  CO2 
laser.  The  absorbed  energy  is  thermaHzed  rapidly  through  intermolecular 
collisions.  This  heating  technique  permits  both  the  achievement  of  process 
conditions  needed  to  produce  the  desired  powder  characteristics  and  excellent 
access  for  process  diagnostics.  In  this  process,  heating  rates  are  rapid  and 
uniform  (10®- 10®  °C/s),  the  maximum  temperature  is  precisely  controllable,  and 
cooling  rates  are  rapid  (10®  °C/s).  Design  features  for  a  hermetic,  cold-wall 
reaction  cell  are  straightforward.  Manufacturing  cost  analyses  shows  that  Si, 
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Si3N4  and  SiC  powders  can  be  made  by  the  laser-heated  synthesis  process 
from  exothermic  reactions  tor  $1 .50-5.00/kg  plus  the  cost  of  the  reactants;  the 
process  has  commercial  viability. 

The  powder  synthesis  process  was  modeled  extensively  on  both  the 
macro-  and  micro-scales.  Critical  tor  these  analyses  was  the  novel 
experimental  apparatus  we  developed  which  permitted  the  particles'  size, 
number  density  and  emissivity  of  the  particulate  plume  in  the  reaction  zone  to 
be  measured  with  nominally  10‘5  second  temporal  and  <10_1mm  spatial 
resolutions.  These  results  provided  direct  measurements  of  particle  formation 
and  growth  rates  as  a  function  of  time,  temperature  and  composition;  they  also 
defined  the  precise  locations  where  phase  transformation  or  compound 
formation  reactions  occurred. 

Heat  transfer  and  fluid  flow  analyses  showed  that  while  the  process 
appeared  stable  and  uniform,  fliers  were  several  phenomena  that  could 
preclude  the  achievement  of  uniform  time-temperature-composition  histories 
needed  to  produce  uniform  powders.  Most  of  these  adverse  effects  became 
accentuated  as  the  process  was  increased  in  scale.  Radial  mixing  of  the 
reactant  and  annular  gas  streams  can  dilute  and  cool  the  outer  region  of  the 
reaction  zones  and  locally  produce  smaller  than  average  diameter  particles. 

The  turbidity  of  large  diameter,  high  number  density  particle  plumes  can  prevent 
needed  rapid  cooling  rates  of  interior  particles  by  precluding  direct  radiation  to 
cold  surfaces.  Cyclic  instabilities  can  result  from  unusual  flash-back  dynamics 
with  IR  absorbing  gases  that  react  exothermically  to  produce  particulate 
products  which  absorb  varying  levels  of  the  IR  laser  energy.  These  issues  were 
examined  analytically  and  experimentally.  In  each  case,  means  were  found  to 
operate  the  synthesis  process  safely  without  adversely  affecting  the  powder 
quality  with  the  high  particle  number  densities  and  gas  velocities  needed  for 
low  cost  production. 

Silicon,  SiC  and  Si3N4  powder  formation  and  growth  mechanisms  under 
high  mass  flow  rate  conditions  needed  for  commercial  production  were 
successfully  modeled  experimentally  and  analytically.  Early  in  this  program,  we 
attempted  to  describe  the  process  by  classical  nucieation  and  growth  models. 
While  the  results  agreed  reasonably  well  with  theory  for  small  pan  ole  diameters 
(<50nm)  produced  in  dilute,  low  pressure  conditions,  we  were  unable  to 
achieve  needed  particle  diameters  (>lOOnm)  with  predicted  reaction-cell 
conditions.  The  newly  developed  models  predict  average  size,  size  distribution 
and  morphologies  for  varied  process  conditions,  important  variables  include  the 
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choice  of  reactants,  temperature  distribution,  gas  velocity  distribution  and 
mixing.  Good  Si  powders  are  formed  by  collisions  and  coalescence  of  molten 
particles  rather  than  nucleation  and  growth.  Growth  continues  until  freezing  or 
the  start  of  carburization  or  nKridation  reactions.  Quenching  the  Si  particles 
prevents  agglomeration  after  growth  terminates.  Suitable  diameter,  dispersible 
SI3N4  and  SiC  particles  form  by  a  2-step  mechanism  involving  reactions  of  the 
Si  particles  only  after  they  have  grown  to  desired,  final  dimensions.  Because  it 
is  essential  that  the  reaction  steps  be  spatially  separated,  premixed  reactants 
are  subject  to  many  constraints.  Good  SiC  powders  were  made  with  premixed 
SiH4/CH4  and  S1CI2H2/C2H4  streams;  good  Si3N4  were  made  only  by 
injecting  NH3  into  a  stream  of  molten  Si  particles  because  we  did  not  find  a 
suitable  N2  source  to  separate  the  reaction  steps  with  premixed  reactant 
streams.  Beyond  the  synthesis  research  tasks,  the  program  concentrated  on  Si 
and  SiC  as  the  lead  materials. 

Pure  anhydrous  solvent  and  solvent-dispersant  systems  were  identified 
that  could  be  used  to  fully  disperse  Si  and  SiC  powders.  Stabilization  resulted 
from  both  coulombic  and  steric  mechanisms.  While  stable  at  low  volume 
concentrations  of  solids,  few  provided  adequate  stability  at  high  particle 
concentrations.  Stability  was  found  to  be  highly  sensitive  to  contamination  of 
the  liquids  by  water  and  to  exposures  of  the  particles  to  air.  Pure,  laser- 
synthesized  SiC  powder  was  shown  to  have  a  basic  surface  and  was  stabilized 
by  acidic  solvents  while  either  commercial  or  laser-synthesized  SiC  powder  that 
had  been  exposed  to  air  had  acidic  surfaces  and  were  dispersed  by  basic 
solvents.  Optimum  systems  will  probably  be  based  on  block-copolymer 
dispersants  matched  to  the  high-purity  powder  surfaces  and  compatible  with 
drying  requirements.  Initial  results  with  these  types  of  polymer  dispersants 
provided  stability  up  to  47  volume  percent  solids. 

Crack-free,  dried  green  bodies  having  packing  densities  at  least 
equalling  that  of  a  random  dose  packed  structure  (63%)  were  made  with 
unclassified  Si  and  SiC  powders  by  colloidal  pressing;  slightly  lower  density 
levels  were  achieved  by  centrifugal  sedimentation.  Early,  small  diameter 
powders  of  all  three  materials  could  not  be  packed  to  densities  greater  than 
approximately  45%  unless  agglomerates  were  removed  by  centrifugal 
classification.  This  pretreatment  usually  raised  green  densities  to  the  50-60% 
range  but  the  yield  of  good  powder  was  unacceptably  low.  Density  levels  in 
green  parts  generally  increased  with  improved  dispersion  stability;  however,  the 


3 


density  level  and  uniformity  were  most  strongly  affected  by  the  degree  of 
agglomeration  in  the  powders. 

Cracks  were  frequently  observed  in  colloidally  pressed  parts  unless  they 
were  subjected  to  a  CIPIng  step.  The  crack  frequency  in  the  parts  was  reduced 
by  improved  die  geometry  and  technique;  the  residual  number  appeared 
attributable  to  the  highly  compliant  stainless  steel  sponges  used  to  apply  the 
load  to  the  samples  via  the  ported  pistons.  CIPing  to  275  MPa  eliminated 
virtually  all  of  the  cracks;  however,  RBSN  strengths  revealed  an  optimum  in 
terms  of  the  fraction  of  the  solvent  (25-35%  of  the  total  solvent)  removed  from 
the  as-pressed  parts. 

With  good  heat  transfer  to  the  sample,  drying  kinetics  were  rate 
controlled  either  by  the  boundary-layer  or  pore-diffusion  mass  transport 
processes  depending  on  external  gas  velocity  and  sample  dimensions.  Without 
heat-sinking  to  a  thermal  mass,  heat  transfer  through  the  boundary  layer 
generally  will  be  rate  controlling  for  the  liquid  removal  phase  of  the  drying 
processes.  Adsorbed  residuals  were  not  removed  until  samples  were  exposed 
to  temperatures  substantially  in  excess  of  the  solvents'  boiling  points  for 
prolonged  periods.  It  is  absolutely  essential  that  all  volatile  residuals  be 
removed  from  these  samples  before  they  are  subjected  to  firing  temperatures 
because  the  unusually  small  channel  diameters  can  cause  explosive  pressure 
levels  to  develop. 

Nitriding  and  densification  kinetics  proceeded  rapidly  at  low 
temperatures  because  of  the  achieved  combination  of  small  particle  size,  high 
purity  and  good  packing.  These  results  were  most  dramatic  with  RBSN. 

Normal  nitriding  schedules  involve  times  up  to  a  few  hundred  hours  at 
temperatures  in  excess  of  the  Si  melting  point  (1410*C).  With  normal  handling, 
the  laser  synthesized  Si  nitrided  to  completion  in  1  hour  at  1400°C;  with 
exceptionally  dean  handling,  it  nitrides  even  faster,  e.g.  1  hour  at  1 150°C  or 
<10  minutes  at  1250°C.  The  rate  controlling  nitriding  mechanisms  that  are 
responsible  for  the  unusual  reverse  reaction  gradients  (higher  extent  of  reaction 
in  interior  regions)  in  these  samples  makes  fabrication  of  large  parts  feasible. 
SiC  also  sintered  to  essentially  foil  density  at  relatively  low  temperatures  and 
short  times  (1  hour  at  2050°C)  but  the  kinetics  have  not  been  studied  as 
extensively  as  for  RBSN. 

Properties  of  the  parts  made  from  the  laser-synthesized  Si  and  SiC 
powders  were  unusually  good.  RBSN  samples  exhibited  average  strengths 
that  were  3-5  times  higher  than  strengths  previously  observed  by  others  at  both 
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density  levels  (63  and  75%)  that  were  studied;  these  strengths  are  well  into  the 
range  normally  associated  with  hilly  dense  alpha  S13N4.  The  maximum 
Strength  observed  for  RBSN  was  690  MPa.  The  oxidation  resistance  of  the 
RBSN  samples  in  air  at  1000  and  1 400°C  was  10  times  better  than  is  typical  of 
RBSN  and  5-10  better  than  hot  pressed  S13N4  (HPSN).  Strengths  of  the  RBSN 
did  not  decrease  after  these  oxidizing  exposures.  Hardness  and  fracture 
toughness  values  were  somewhat  above  average  for  RBSN.  Sintered  SiC 
(SSC)  samples  exhibited  an  average  strength  of  690  MPa,  a  value  that  is  2 
times  normally  observed  values  for  this  material.  The  maximum  strength  level 
observed  for  SSC  was  714  MPa.  Hardness  values  observed  for  these  samples 
were  normal.  The  unusually  good  property  levels  observed  for  the  samples 
made  from  the  laser-synthesized  powders  result  directly  from  the  microstructural 
quality  made  possible  only  with  defect  free  powders.  Though  exceptional,  the 
strengths  in  these  samples  were  controlled  by  defects  that  were  much  larger 
than  constituent  powders  (typically  10-15  pm),  so  further  improvements  are 
possible. 

This  research  program  accomplished  its  important  objectives.  Broadly, 
the  overall  goal  was  to  demonstrate  that  superior  microstructures  and  properties 
could  be  achieved  by  using  both  powders  having  ideal  characteristics  and  very 
specific  post-synthesis  processing  procedures.  This  was  acc  vmplished.  In 
achieving  this  objective,  several  narrower  technical  issues  were  resolved. 
These  included  finding  means  to  make  the  powders,  disperse  the  powders, 
shape  the  powders  into  high-density  flaw-free  parts,  dry  the  parts  and  density 
the  parts.  While  superior  properties  and  both  reduced  densification  times  and 
temperatures  were  demonstrated,  these  results  do  not  represent  fully  optimized 
process  conditions  or  maximum  property  values.  Further  improvements  can  be 
anticipated  and  much  remains  to  be  done  to  make  these  results  feasible  in 
commercial  scale  processes. 

Separate  from  the  main  thrust  of  this  research  program,  we  also  used  the 
unique  features  of  laser  heating  to  characterize  the  surface  tensions  and 
densities  of  molten  alumina  containing  melts.  Surface  tension  to  density  ratios 
were  measured  for  AI2O3  plus  (>203,  MgO,  T1O2  and  Zr02  in  air,  He  and  H2  + 
He  atmospheres  with  laser  melted  pendant-drops.  Viscosity  measurements 
from  vibrating  drops  were  inconclusive  because  of  problems  associated  with 
exciting  a  single  mode  of  vibration.  Densities  of  the  melts  were  calculated. 

This  report  is  made  up  of  a  series  of  technical  publications  selected  to 
summarize  the  program's  principal  results  with  a  minimum  of  duplication.  Two 


publications  on  properties  of  RBSN  that  were  completed  after  this  program's 
termination  have  been  included  to  illustrate  the  impact  research  initiated  in  this 
program  had  on  continued  work.  The  report  also  lists  the  citations  for  9  theses 
and  29  technical  publications  that  resulted  in  whole  or  in  part  from  this  research 
program. 
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Si,  Si3N4,  SiC,  TiB2,  TIO2  and  B  powders  have  been  made  from 
laser  heated  gaseous  reactants.  The  unusual  and  precisely 
controllable  reaction  conditions  made  possible  with  this 
heating  technique  permit  uniform,  small,  high-purity,  non- 
agglomerated  powders  to  be  made  at  high  rates.  The  synthesis 
process  has  been  modeled  eatpirieally  and  analytically  to  give 
direct  measures  of  particle  diameters,  number  densities  and 
temperatures  as  well  as  velocities,  mixing  and  stability 
limits.  With  careful  post -synthes is  processing,  these  powders 
can  be  made  into  defect -free  parts  with  rapid,  low- temperature 
consolidation  schedules.  Resulting  reaction  bonded  silicon 
nitride  (RBSN)  and  sintered  silicon  carbide  (SSC)  parts  exhibit 
much  improved  properties. 


INTRODUCTION 

The  properties  of  structural  ceramics  approach  their  theoretical 
values  only  if  pressure  and/or  sintering  aids  are  employed  during 
consolidation.  This  results  in  Increased  cost,  restricted  maximum 
size  and  complexity  of  finished  parts,  and  degraded  high- temperature 
mechanical  properties.  This  research  program  addressed  these  issues 
based  on  a  strategy  of  producing  flaw- free  green  parts  made  directly 
from  high-purity,  small  diasMter  powders. 

POWDER  SYNTHESIS 

The  laser  synthesis  process  was  developed  (1,2)  to  produce  small, 
high  purity,  non -agglomerated  ceramic  powders.  The  powders  are 
synthesized  by  rapidly  heating  a  reactant  gas  stream  with  a  CW  CO2 
laser  (Figure  1) .  The  reactant  gas  flows  into  the  laser  beam  where 
it  is  heated  until  the  gas  reacts  and  the  particles  nucleate  and 
grow.  A  concentric  flow  of  argon  injected  around  the  reactant  stream 
improves  the  reaction  zone  stability  and  carries  the  powder  through 
the  chimney  to  a  filter  where  the  particles  are  trapped. 

Silane  (SIHa)  is  used  to  make  Si  powders  (1) ,  SIH4  mixed  with 
methane  (CH4)  or  ethylene  (C2H4)  is  used  to  make  SiC  (3) ,  and  SIH4 
mixed  with  ammonia  is  used  to  make  SI3N4  (1,4).  Under  most  operating 


7 


1 


conditions,  all  of  eho  SiH*  is  converted  to  powder .  TiB2  is  made 
froa  mixtures  of  TiCla  with  B2H5 ,  and  boron  powdar  is  mada  from  B2H6 
or  BCI3  +  H2  (5) .  HO2  is  made  from  titanium  alkoxidas  (6) . 

Tha  powdar  characteristics  are  controlled  by  the  chemical* 
reaction,  particle 'formation  and  particle* growth  rates.  The  cell 
pressure,  the  choice  of  reactants,  their  flow  rates,  the  laser  power 
and  intensity,  and  cell  geometry  determine  the  rates  primarily 
through  their  influence  on  the  temperature  distribution  within  the 
reaction  zone.  These  interactions  have  been  investigated  experiment¬ 
ally  using  a  light  scattering  technique  (7) ,  and  by  correlating 
synthesis  conditions  with  powder  properties.  Heating  rates,  velo¬ 
cities,  mixing,  reaction  zone  instabilities  and  resulting  particle 
size  distributions  have  also  been  modeled  mathematically  (8,9). 

The  resulting  powders  are  small  (<  500  nm) ,  are  equiaxed,  have 
very  high  purity  (<  200  ppm  oxygen) ,  and  for  the  compounds  have 
controlled  compositions .  Powders  with  few  agglomerates  are  produced 
under  proper  conditions.  The  combination  of  small  size  and  freedom 
from  agglomeration  allows  the  powders  to  be  formed  into  dense, 
virtually  flaw- free  green  bodies  with  extremely  small  pores.  Table  1 
summarizes  the  characteristics  of  typical  powders. 
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A  fluid  flow  and  heat  transfer  model  (8)  has  provided  many 
insights  into  the  laser  synthesis  process.  Figure  2  shows  that  as 
the  reactant  gases  flow  into  the  laser  beam  their  velocity  profile 
becomes  nearly  uniform,  and  that  pronounced  temperature  gradients  can 
be  present.  Radiation  froa  the  hot  particles  is  the  dominant  cooling 
mechanism  at  temperatures  above  1200* C. 
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High  quality  51  powders  ars  formed  by  tho  collision  snd 
coalescence  of  liquid  51  droplots  (9) .  Tho  process  begins  when  SIH4 
gas  heated  by  the  laser  decomposes  into  51  dimers  and  triaers  (10) . 
The  number  density  of  particles  decreases  rapidly  as  collisions 
result  in  particle  growth  by  coalescence.  Once  the  particles 
solidify  growth  stops.  A  variation  in  exposure  times  to  T  >1410 *C 
produces  e  distribution  of  partido  sixes.  Flow  streams  that  are 
never  heated  to  1410 *C  produce  agglomerates  of  small  particles.  If 
the  cooling  rate  from  1410*C  is  slew,  aggregates  of  large  particles 
can  be  produced.  Therefore,  the  particle  size  and  morphology 
distributions  are  directly  attributable  to  the  temperature  and 
velocity  distributions  in  the  reaction  zona  (11).  Uniform  powder  is 
produced  only  when  all  flow  streams  experience  similar  time- 
temperature- concentration  histories.  Figure  3  compares  the  measured 
mass  distribution  of  Si  powder  F28S  to  distributions  calculated  from 
collision/eoalescence  theory  (12) .  The  excellent  agreement  confirms 
the  accuracy  of  this  model  (9). 

High  quality  SiC  is  formed  from  premixed  streams  of  SiH4  and  CH4 
via  a  two  step  reaction  mechanism  (3).  Two  distinct  bands  appear  in 
the  reaction  zone.  Si  particles  form  and  grow  in  the  lower  band  and 
carburization  occurs  in  the  upper  band.  The  onset  of  the 
carburization  reaction  terminates  the  particle  growth  process. 

Only  very  small  agglomerated  particles  are  produced  (-40  nm)  when 
premixed  screams  of  SUI4  and  C2H4  are  used  (1-3).  This  results 
because  C2H4  starts  to  carburize  the  Si  particles  at  temperatures 
below  the  melting  point  of  Si,  preventing  their  coalescence  and 
growth  into  larger  spherical  particles. 

The  detailed  particle  formation  and  growth  mechanisms  for  Ti02, 
T1B2  and  B  powders  have  not  been  modeled  in  the  same  detail  as  the  Si 
containing  powders  since  this  research  focusad  on  Initiating 
endothermic  reactions  with  condensed  phase,  reactants .  It  is  probable 
that  melting  did  not  occur  for  the  employed  synthesis  conditions. 

FO0DBR  PROCESSING 

Test  parts  (13-15)  were  made  to  determine  whether  using  laser 
synthesized  powders  resulted  in  superior  consolidation  kinetics  and 
properties.  Oar  objective  was  to  form  high  purity,  defect-free 
unfired  bodies  having  constituent  particles  arranged  with  random 
close  packed  rather  than  ordered  structures.  Parts  were  made  from 
dispersions  by  colloidal  (filter)  pressing.  Dispersing  media  were 
selected  based  on  maximizing  dispersion  stability  and  drying  kinetics 
while  atwhittiag  contaminating  residuals  and  destructive  effluents. 

R5SN  samples  used  for  mechanical  testing  were  made  (13-15)  from 
dried  Si  pellets  nitrlded  without  exposure  to  air  in  a  top  loading, 
cold-wall,  twgsten  furnace  installed  inside  an  Ar  atmosphere  glove 
box.  Complete  nltridatlon  was  achieved  by  heating  at  l*C/min  up  to 


1420'C,  followed  by  a  1  hour  hold.  Studios  of  tho  nitriding  lcinotics 
and  rato  controlling  mechanisms  show  (IS)  chat  lasor  synthosizod  Si 
parts  can  bo  conplotoly  nitridod  at  lovor  tonporaturos  in  shortor 
tinos  (1150*C,  lh;  1250*C,  10  minutos) . 

SiC  polio ta  (15)  wars  aado  fron  a  L30SC  typo  powdor  to  which 
approximately  0.5%  by  wolght  B  was  introduced  during  synthesis  using 
B^Hg.  Dried  sanples  wore  fired  at  tonporaturos  ranging  fron  1800 *C 
to  2100*C  in  a  graphite  cube  furnace  in  an  Ar  atnosphoro.  Tho 
heating  cycle  consisted  of  a  50*C/h  ranp  to  tho  firing  tenperature,  a 
1  h  soak  and  a  furnace  quench  (50-100*C/h) . 


A  ball-on-ring  biaxial  strength  test  (17,18)  was  used  to  determine 
the  roon  tenperature  strengths  of  the  nitridod  and  sintered  sanples. 
Hardness  and  fracture  toughness  were  measured  using  a  Vickers 
indenter.  Oxidation  resistance  of  Che  RBSN  was  measured  with 
elevated  tenperature  air  exposures . 

Figure  4  suanarizes  the  results  of  strength  neasureaents  with  two 
types  of  RBSN  sanples  (15).  An  average  of  544  ±  80  MPa  (Max  -  676 
MPa)  was  observed  for  a  group  of  75%  danse  RBSN  sanples  node  fron 
powder  F55S  and  an  average  of  250  MPa  (Max  -  460  MPa)  for  65%  danse 
sanples  nade  fron  an  earlier  powder  (13) .  Figure  4  also  includes 
three  different  lines  representing  least* square  fits  of  exponential 
functions  to  RBSN,  SSN  and  HPSN  strength  data  reported  in  the 
literature  (13,19,20)  for  laboratory  and  eoanercial  sanples  with 
various  surface  finishes. 

Laser* originating  RBSN  specimens  exhibit  average  strengths  that 
are  2.5  to  5.0  tines  the  average  reported  values  at  both 
corresponding  density  levels.  Both  groups  of  RBSN  sanples  exhibited 
strengths  normally  associated  with  sintered  or  hot  pressed  e*Si3N4. 
Fracture  sources  were  usually  either  5*15  pm  diameter  voids  or 
preexisting  lenticular  cracks  less  than  50  pm  deep  perpendicular  to 
the  stress  axis.  Application  of  the  Griff ith  equation  (21)  to  the 
observed  strengths  yields  flaw  sizes  of  4  to  16  pn. 

The  results  of  the  strength  neasureaents  with  the  2050*C  SiC 
sanples  are  also  unusual.  Although  the  sanples  are  far  fron  optimal, 
the  observed  average  strength,  645  ±  60  MPa,  (Max  -  761  MPa)  is 
approximately  twice  the  strength  levels  normally  observed  for 
sintered  SIC  (22)  and  is  nore  typical  of  hot  pressed  or  HIPed  SIC. 

The  only  other  group  that  has  reported  SSC  strength  levels  in  this 
range  (23)  also  employed  SIH4  based  synthesis  chemistries  and  similar 
anhydrous ,  anaerobic  post-synthesis  handling  procedures. 

Vickers  hardness  values  were  determined  on  polished  surfaces  using 
300  and  500  grsn  loads.  Observed  values  for  RBSN  ranged  fron  3.5  to 
11.0  GPa.  The  hardness  of  77%  dense  RBSN  ('10  GPa)  is  higher  than 
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that  of  85%  dense,  highly  optimized  eoaareUl  USN  (“8.3  GPa)  (19). 
Using  the  indentation  technique  (24) ,  our  dense  specimens  exhibited 
an  average  Kxc  value  of  2.8  MPa  st1/2.  These  are  higher  than  is 
characteristic  of  the  optimised  commercial  USN  (*2.0  MPa  m1/2)  (19) 
and  approach  those  of  sintered  a-Sl3N4.  We  are  continuing  to 
investigate  the  factors  that  are  responsible  for  these  superior 
hardness  and  Kxc  values. 

For  SiC,  the  observed  hardness  values  of  23.8  GPa  are  also  more 
typical  of  hot  pressed  than  sintered  SiC.  The  hardness  and  strength 
values  are  presumably  coupled.  Fracture  toughness  values  could  not 
be  measured  on  the  SiC  using  the  indentation  technique  because  stable 
cracks  did  not  form. 

The  oxidation  resistance  of  laser ‘originating  USN  at  1250*C  in 
flowing  air  is  strongly  dependant  on  the  porosity  level  and  pore 
size.  As  predicted  by  Thdmmler's  (25)  results  at  the  same 
temperature,  low  density  specimens  undergo  significant  internal 
oxidation  before  saturation  is  attained.  For  densities  >85%  and  Hg 
porosimstry  pore  radii  <  60  nm,  ThQamler  showed  that  internal 
oxidation  would  be  reduced  to  less  than  1%  due  to  pore  closure  by  the 
oxide  product.  For  laser -originating  USN  (13-15),  the  extent  of 
oxidation  at  1250*C  in  air  was  less  than  1%  for  specimens  having 
densities  as  low  as  74%.  This  superior  performance  at  lower 
densities  very  likely  results  from  our  samples  having  smaller  pore 
diameters  and  more  uniform  microstructures. 

CONCLUSIONS 

This  research  program  achieved  its  principal  technical  objective; 
superior  consolidation  kinetics  and  properties  can  result  if  powders 
having  very  specific  characteristics  are  employed  in  combination  with 
careful  post-synthesis  handling  procedures.  Powders  must  be  small, 
equiaxed,  uniform  in  size,  pure  and  free  of  agglomerates.  Of  these 
criteria,  freedom  from  agglomerates  is  the  most  important  because 
agglomerates  lower  the  achievable  green  density  to  unacceptably  low 
levels  and  Introduce  large,  localised  defects. 

Even  without  many  iterations  of  the  processing  variable- 
microstructure -property  approach  used  in  this  research,  we  have 
achieved  property  levels  that  were  considered  unreachable  with  USN 
and  unusual  with  sintered  SIC.  These  improvements  resulted  directly 
from  our  ability  to  make  parts  in  which  residual  porosity  was 
distributed  uniformly  in  minimum  size  pores  and  without  large, 
multiparticle  dlsmeter  defects. 
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Figure  1.  Scheaatic  of 
CO2  laser  reactor. 


Figure  2.  Calculated  temperature 
and  flow  distributions  for  laser 
heated  silane  reaction  zone. 
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Figure  3.  Hlstograa  of  aass 
distribution  of  silicon  powder 
F28S,  coapared  to  calculated 
distributions  (solid  curve, 
no  mixing  assuaed;  dashed  curve , 
soae  aixing  with  annular  argon) 


Figure  4.  Strength  of  silicon 
nitride  versus  porosity.  The 
strengths  of  two  sets  of  laser 
synthesized  RBSN  are  coapared 
to  three  data  surveys. 
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Powder  Processing  Science,  Crlando,  Florida, 
November  1-4,  1987,  to  be  published  by  the 
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MODELS  FOR  SYNTHESIS  OF  CERAMIC  POWDERS  BY  VAPOR  PHASE  REACTIONS 


John  H.  Flint  and  John  S.  Haggerty 
Massachusetts  Institute  of  Technology 
Cambridge,  MA 


INTRODUCTION 

Significant  improvements  in  the  quality  of  laser  synthesized  Si,  SiC,  and 
SI3N4  powders  have  been  realized  based  on  developed  process  models  chat  relate 
particle  formation  and  growth  mechanisms  to  properties.  These  models  are  able 
to  accurately  predict  the  particle  size,  size  distribution,  and  morphology  of 
laser  synthesized  powders  for  a  variety  of  process  conditions.  They  also 
explain  many  of  the  features  noticed  during  the  development  of  the  laser 
synthesis  process. 

laser  heated  synthesis  reactions 

The  ceramic  powders  are  synthesized  by  rapidly  heating  a  reactant  gas 
stream  with  a  CV  CO2  laser  beam*'*  in  a  cold  wall  reactor  shown  schematically 
in  Figure  1.  The  reactant  gas  flows  from  the  nozzle  into  the  laser  beam, 
where  it  is  heated  at  *10*  K/sacond  until  the  gas  reacts  and  the  particles 
form  and  grow.  A  concentric  flow  of  argon  injected  around  the  reactant  stream 
stabilizes  the  reaction  zone  and  helps  the  powder  flow  smoothly  through  the 
chimney  into  a  filter  where  the  particles  are  trapped.  Because  of  rapid 
heating,  there  is  little  mixing  between  the  reactant  gas  and  the  argon  so  the 
reactant  concentration  is  uniform  throughout  most  of  the  reaction  zone. 

Silane  (SIH4)  is  used  to  males  Si  powders  and  SIH4  mixed  with  methane  (CH4) 
or  ethylene  (C2H4)  is  used  to  make  SiC.  Ammonia  (NH3)  mixed  with  SUI4  is  used 
to  make  SI3N4. 

The  synthesis  process  variables  chat  control  the  powder  characteristics  are 
the  reaction  cell  pressure,  the  choice  of  reactants,  their  flow  races  and  flow 
ratios,  the  laser  power  and  intensity,  and  the  nozzle  and  chimney 
locations . 1 • *  These  variables  determine  the  chemical* reaction,  particle* 
formation,  and  particle*growth  rates  primarily  through  their  influence  on  the 
temperature  distribution  within  the  reaction  zone.  The  effects  these 
variables  have  on  the  particle  formation,  growth  and  chemical  composition  have 
been  investigated  experimentally  using  the  light  scattering* transmission 
technique,4  and  by  correlating  synthesis  conditions  with  powder  properties. 

The  heating  rates,  velocities,  mixing,  reaction  zone  instabilities  and  result¬ 
ing  particle  size  distributions  have  also  been  modeled  mathematically. *• • 

Table  1  summarizes  the  physical  characteristics  and  green  packing  densities 
of  the  Si  and  SiC  powders  used  to  make  the  superior  reaction  bonded  silicon 
nitride  (RBSN)  and  sintered  silicon  carbide  (SSC) . 
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Table  1.  Powder  Properties 


Powder  Designation 

mi 

F^5S/T55S 

L6SC 

L30SC-B 

N31SN 

Material 

Si 

Si 

SiC 

B- doped  SIC 

SI3N4 

Max  Temp.  (*C) 

1455 

1605 

1830 

1920 

1600 

Pressure  (atm) 

1.3 

1.3/1. 6 

1.3 

2.0 

1.3 

D  (mass),  nm 

262 

305 

90 

95 

142 

Og  (number) 

2.6 

1.8 

1.7 

1.7 

2.2 

<7g  (mass) 

1.5 

1.5 

1.4 

1.4 

1.8 

Packing  Density  (%) 

59 

63 

63 

63 

52 

Tha  naan  slza  (D)  and  siza  distribution*  (o g)  vara  datarminad  from  TEH 
photomicrographs  lika  Figures  2,  3  and  4.  Geometric  standard  deviations  (og) 
vara  ealculatad  because  tha  particle  siza  distributions  are  asymmetric  (almost 
log*normal) .  A  common  feature  of  laser  synthesized  powders  is  that  the  mass 


distributions  are  narrower  than  tha  number  distributions  (o-  (mass)  <  az 
(number) ) . 


SILICON  POWDER  FORMATION  MODEL 

Figure  2  is  a  TEH  photomicrograph  of  silicon  powdar  F4SS.  Virtually  all 
(96%  by  mass)  of  the  particles  are  isolated  spheres,  ranging  from  100  to  500 
nm  in  diameter. 

High  quality  silicon  powders  are  formed  by  the  collision  and  coalescence 
of  liquid  silicon  droplets.  A  detailed  description  of  this  model  is  presented 
elsewhere.*  The  process  begins  when  silane  gas  heated  by  the  laser  decomposes 

3 


Schematic  of  CO2  laser  reactor. 


Figure  1. 
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Figure  2. 


TEM  photomicrograph  of  silicon  powder  F45S. 


Figure  4. 


TEM  photomicrograph  of  powder  N31SN. 


into  silicon  dimers  and  trimers.7  The  temperature  and  time  interval  of 
decomposition  depend  on  the  heating  rate.  At  10*  K/sec,  it  takes  360  ^sec  for 
the  silane  to  decompose  <1%  to  99%)  at  an  average  temperature  of  1044* C.  At  a 
typical  scream  velocity  of  0.5  m/s,  the  pyrolysis  reactions  go  to  completion 
in  *0.2  mm.  The  number  density  of  these  "initial"  particles  decreases  rapidly 
as  collisions  result  in  particle  growth;  the  particle  growth  rate  depends  on 
the  Si  concentration,*’9  which  is  proportional  Co  the  system  pressure  since 
there  is  little  mixing  with  the  argon.  Interparticle  collision  rates  will 
start  as  high  as  107/sec  and  decrease  as  particles  grow  by  inelastic 
collisions.  Our  previous  results1*3  show  that  solid  particles  grow  to  a 
diameter  of  10*20  nm  before  non-dispersible  aggregates  are  formed.  Typical 
number  densities  and  collision  races  are  10l3-10l*/cma  and  3  x  104/sec  at 
these  dimensions.  Agglomerates  form  once  sintering  rates  can  no  longer  form 
dense,  spherical  particles  in  the  time  interval  between  collisions.  If 
temperatures  exceed  the  silicon  melting  point  (1410*C) ,  the  agglomerates  can 
once  again  coalesce  into  spherical  silicon  particles  by  a  viscous  flow 
process9  and  particle  growth  will  continue. 

Particle  growth  continues  until  the  temperature  decreases  below  1410*C 
along  a  specific  flow  stream.  Once  the  particles  solidify,  coalescence 
becomes  impossible,  and  once  they  cool  substantially  below  1410*C,  colliding 
particles  no  longer  stick  to  one  another.  A  variation  in  exposure  times  to  T 
>1410*C  produces  a  distribution  of  particle  sizes  in  the  powder.  Flow  screams 
chat  are  never  heated  to  1410"C  produce  agglomerates  of  small  particles.  If 
the  cooling  rate  from  1410"C  is  not  high  enough  to  reduce  the  particle 
temperature  several  hundred  degrees  in  the  period  between  interparticle 
collisions,  aggregates  of  large  particles  can  be  produced.  Therefore,  the 
particle  size  and  morphology  distributions  are  directly  attributable  to  the 
temperature  and  velocity  distributions  in  the  reaction  zone.  Uniform  powder 
is  produced  only  when  all  flow  streams  experience  similar  time- temperature - 
concentration  histories . 

Using  the  aerosol  growth  law  developed  by  Lee,*  we  have  calculated  the 
particle  size  and  size  distribution  expected  from  the  collision  and 
coalescence  of  molten  particles  in  the  temperature  and  velocity  fields 
produced  by  laser  heated  decomposition  of  silane.  Silicon  powder  F28S  was 
modeled.  Lee's  solution  assumes  that  along  any  flow  stream  the  particle  size 
distribution  remains  log-normal  as  the  particles  grow.  He  found  chat  og  for 
chat  flow  stream  would  rapidly  converge  to  1.355,  consistent  with  the  forma¬ 
tion  of  a  self -preserving  distribution.  For  analysis,  the  reaction  zone  was 
divided  into  five  concentric  flow  screams  having  approximately  equal  mass 
fluxes.  The  Si  concentration  of  the  outer  streams  can  be  diluted  to  account 
for  S1H4  mixing  with  the  annular  Ar  and  for  thermophoresis. 

The  elapsed  time  each  flow  scream  spent  hotter  than  1410*C  was  determined 
from  a  photograph  of  the  F28S  reaction  zone  that  revealed  the  position  of  the 
boundary  of  the  liquid  Co  solid  phase  transition.  An  average  stream  velocity 
calculated  from  the  reaction  zone  area  measured  from  the  photograph  was  used 
to  calculate  the  elapsed  times  for  T  >  1410*C  (5.8  ms  to  23.2  ms),  which  are 
significantly  longer  chan  the  times  required  for  SIH4  decomposition  or  for  <7g 
to  converge  to  1.355.  Calculated  temperature  distributions  from  a  fluid- flow 
model*  were  not  sufficiently  accurate  to  be  used  in  the  particle  size 
calculation. 

The  Individual  mass  distributions  (dashed  curves)  calculated  for  each  flow 
scream  are  shown  in  Figure  5  together  with  their  sum  (solid  curve)  which 
predicts  the  final  particle  size  distribution.  The  outer  region  produced  110 
nm  particles,  whereas  those  produced  along  the  centerline  averaged  350  nm. 


For  this  calculation,  tha  Si  eoncantration  In  only  tha  outar  ragion  vas 
raducad  by  70%  to  simulate  intermixing  with  argon.  Tha  four  inearior  regions, 
contributing  92%  of  tha  mass  flux,  ware  not  diluted  with  argon.  Diluting  tha 
outar  ragion  broadens  tha  particle  size  distribution  by  contributing  a  large 
nuaber  of  saall  particles.  Two  predicted  distributions  are  compared  to  tha 
measured  particle  size  distribution  of  Si  powder  type  F28S  in  Figure  6.  The 
distribution  raprasantad  by  tha  solid  curve  was  calculated  assuming  no 
intermixing  of  silane  and  argon.  Tha  dashed  curve  is  tha  distribution  shown 
in  Figure  5.  Tha  excellent  agreement  in  the  average  size  and  the  shape  of  the 
distribution  for  the  spherical  particles  confirms  the  accuracy  of  the  silicon 
particle  formation  model. 

The  silicon  powder  synthesis  model  illustrates  why  it  is  difficult  to 
achieve  the  time 'temperature  conditions  that  result  in  high-quality  powder. 
Efficient  conductive  and  radiant  cooling  of  tha  outer  flow  streams  tends  to 
produce  small  particles  and  agglomerates.  The  prolonged,  high  temperatures 
along  the  centerline  combined  with  the  slow  cooling  rates  tend  to  yield  large 
particles  that  can  be  agglomerated.  The  least  significant  consequence  of 
differences  in  cooling  rates  and  mixing  is  a  broadening  of  the  particle  size 
distribution.  If  all  flow  streasu  remained  molten  for  the  same  length  of 
time,  erg  would  equal  1.3S5.  Application  of  the  model  to  run  F28S  conditions 
demonstrates  that  the  variation  in  growth  times  and  mixing  with  argon  in¬ 
creases  Og(mass)  to  1.48  in  agreement  with  experimental  observation  (see  Table 
1) .  A  distribution  of  agglomerated  powder  sizes  is  a  more  serious  consequence 
of  incorrect  t-T  histories  which  precludes  packing  into  dense  green  bodies. 


SILICON  CARBIDE  PONDER  FORMATION  MODEL 

High  quality  silicon  carbide  is  formed  from  premixed  screams  of  SiH^  and 
CH4  via  a  two  step  reaction  mechanism.3  Figure  3  is  a  TEM  photomicrograph  of 
a  fully  dispersible  SiC  powder  (L6SC) .  The  particles  are  polycrystalline , 
with  apparently  rough  surfaces  and  range  in  size  from  SO  to  200  nm  in 
diameter.  They  are  not  faceted  and  are  basically  equiaxed.  These 
characteristics  result  from  the  following  reaction  mechanism. 

The  reactant  gas  mixture  is  heated  by  conduction  as  it  approaches  the  CO2 
laser  beam.  By  around  1050'C,  the  SiH^  is  fully  decomposed  and  solid  Si 
particles  start  to  grow  by  collisions  and  coalescence  in  a  H2/CH4  atmosphere. 
The  temperature  of  the  particle -CH4-H2  mixture  continues  to  increase  as  the 
laser  beam  is  approached.  If  the  maximum  temperature  does  not  exceed  '1200*C, 
the  resulting  powder  is  mostly  (>82%)  unreacted,  small  diameter  ('SO  nm) , 
agglomerated  Si.3 

Any  combination  of  process  conditions  that  increases  the  temperature 
further  results  in  a  sudden  change  in  reaction  zone  temperature,  structure  and 
turbidity.  Under  these  conditions,  the  maximum  temperature  jumps  to  at  least 
1600*C,  and  two  bands  appear  in  the  reaction  zone.  Silicon  particles  form  and 
grow  in  the  lower  band.3  Typically  the  residence  time  in  the  lover  band  is  '3 
ms  allowing  the  Si  particles  to  grow  to  60-100  nm.3>*  The  temperature  at  the 
boundary  between  the  lower  and  upper  bands  is  apparently  just  over  1410* C, 
allowing  the  silicon  particles  to  coalesce  just  before  carburization  becomes 
rapid.  The  temperature  increases  rapidly  to  the  maximum  value  in  the  upper 
band;  the  sudden  rise  is  caused  by  the  combined  effects  of  the  exothermic 
carburization  reaction  that  becomes  rapid  only  at  temperatures  above  1400 *C 
and  by  Increased  CO2  laser  absorption  by  the  SiC  particles.  The  rate  control¬ 
ling  step  for  carburization  is  believed  to  be  CH4  pyrolysis;3  grain  boundary 
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Figure  6.  Hiatograa  of  the  mass  diatribucion  of  F28S  Type  III  particles 
compared  to  the  predicted  distribution  calculated  with  no 
nixing  between  the  silane  and  the  annular  argon  (solid  curve), 
and  with  aone  nixing  (daahed  curve). 
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diffusion  of  SI  through  the  SIC  reaction  layer  Is  still  rapid  for  these  snail, 
polycrystalline  particles.  Carburization  of  liquid  Si  particles  at  many 
nucleation  sites  apparently  produces  the  rough  surfaces  visible  in  Figure  3. 

Evidently  the  onset  of  the  carburization  reaction  terminates  the  particle 
growth  process.  SIC  is  a  solid  at  these  temperatures,  so  coalescence  by  solid 
state  diffuslonal  processes  is  not  possible  on  this  tlsm  scale.  The  short 
tine  available  between  the  beginning  of  Si  particle  formation  and  die  onset  of 
carburization  is  responsible  for  the  earl  nun  SIC  particle  size  being  *100  nm 
instead  of  *300  ns  as  in  die  ease  of  silicon  (Table  1) .  The  C  concent  of  the 
powder  depends  on  the  reaction  zone  teaperature  and  the  SiH^iC^  flow  ratio. 

Evidence  for  the  two  step  reaction  nechanisn  is  the  variation  of  the 
reaction  zone  turbidity  (•  ln(transnictance) )  with  distance  from  the 
nozzle.**4  Figure  7  shows  how  the  turbidity  varied  for  SIC  run  L30SC.  The 
turbidity  Increases  rapidly  at  the  base  of  the  reaction  zone,  reaches  a 
naxlmun  around  2  m  from  the  nozzle  and  then  decreases  as  the  hottest  region 
of  the  reaction  zone  is  reached.  This  variation  is  caused  by  the  progressive 
formation  then  the  conversion  of  the  Si  particles,  which  strongly  attenuate 
the  He-Ne  laser  probe  beam,  to  SIC,  which  is  relatively  transparent.4* 10 
After  this  decrease,  the  turbidity  then  levels  off,  or  sometimes  Increases 
again,  depending  on  the  process  conditions.  A  secondary  Increase  in  the 
turbidity  probably  results  from  making  die  powder  C-rich,  which  also  increases 
the  imaginary  component  of  the  refractive  index. 

Only  very  small  agglomerated  particles  are  produced  (*40  tin)  when  premixed 
streams  of  SIJI4  and  C2H4  are  used.1**  This  results  because  C2H4  starts  to 
carburize  the  Si  particles  at  temperatures  below  the  melting  point  of  Si, 
preventing  their  coalescence  and  growth  into  larger  spherical  particles. 

The  laser  synthesis  of  useful  SIC  powders  depends  on  the  correct  combina¬ 
tion  of  several  temperature •dependent  reaction  rates.  Carburization  of  liquid 
Si  must  be  rapid  since  only  a  few  milliseconds  are  available,  but  it  must  be 
delayed  until  the  Si  particles  have  had  a  chance  to  grow.  Fortunately,  the 
premized  SLH4-CH4  system  satisfies  these  requirements  and  high-quality  powder 
can  be  produced. 

SILICON  NITRIDE  FORMATION  MODEL 

The  synthesis  of  high-quality  SijNa1*3*11  powder  has  proven  to  be  more 
difficult  than  for  Si  or  SIC  powders.  Premized  streams  of  laser  heated  SiH^ 
and  NH3  can  produce  stoichiometric  S^N*  but  the  particles  have  been  very 
small  (20-30  nm)  and  highly  agglomerated  so  they  cannot  be  formed  into  high 
density  green  bodies.  These  characteristics  result  for  reasons  that  are 
similar  to  Issues  encountered  when  making  SiC  from  premixed  SIH4-C2H4  streams. 
NH3  begins  to  react1*  with  still  solid  Si  particles  at  temperatures  only 
slightly  higher  than  the  silane  decomposition  temperature,  preventing  the 
formation  of  large  Si  particles  by  coalescence  of  liquid  particles. 

S1H4-N2  mixtures  were  investigated11  to  determine  whether  the  slow 
reaction  kinetics  typical  of  N2  WOul<i  allow  a  physical  separation  of  the  Si 
particle  formation  and  growth  step  from  the  nitridation  step.  Unfortunately, 
the  N2  proved  so  inhibited  that  negligible  nitridation  occurred  in  the  few 
millisecond  exposure. 

Larger  Si3N4  powders  have  been  synthesized  successfully  (Tabic.  1)  by 
injecting  ammonia  into  S1H4  reaction  zones.11  The  physical  separation  of  the 
nitrogen  source  from  the  SiH4  decomposition  region  permits  the  required  Si 
particle  growth  by  collision-coalescence  prior  to  the  onset  of  nitridation. 
Figure  4  is  a  TEM  photomicrograph  of  powder  N31SN  which  is  approximately  98% 


I 


SI3N4  ('SO*  a  sad  *50*  0) .  It  w as  produced  by  injecting  200  scca  of  NH3  into 
s  SUI4  reaction  sons  0.5  m  above  the  cantor  of  the  CO2  laser  beaa.  The 
reaction  sons  teaperature  was  '1600* C.  Figure  4  shows  that  many  large 
particles  were  produced.  Their  aorphology  is  often  faceted  and  elongated  in 
contrast  to  the  SiC  particles  that  are  equiaxed  indicating  that  the  nitriding 
mechanism  probably  differs  fundaaentally  froa  the  carburizing  aechanisa. 

The  $1384  particle  size  distribution  is  also  broader  (».  (ones)  *  1-®) 
than  the  other  optiaized  powders.  The  distribution  of  particle  sizes  probably 
results  froa  radial  concentration  gradients  since  the  NH3  is  injected  froa 
outside  of  the  reaction  zone.  Powder  on  the  outer  edge  of  the  powder  pluae 
was  nitrided  first,  while  still  saall.  The  silicon  particles  in  the  center 
continued  to  grow,  reaching  a  larger  size  as  the  NH3  diffused  inward.  Growth 
stops  when  nitridation  begins. 

CONCLUSIONS 

Analyses  of  Si,  SIC  and  SI3N4  powder  synthesia  conditions  needed  to  pro* 
duce  0.1*0. 2  jia,  non- agglomerated  particles  have  shown  that  the  growth  process 
occurs  by  a  collision  and  coalescence  process.  The  solid-state  coalescence 
process  proceeds  as  fast  as  the  collision  process  only  up  to  particle 
dimensions  on  the  order  of  20na.  For  larger  particles  under  high  aass  flow 
rate  conditions,  growth  aust  proceed  by  collisions  between  molten  particles. 
With  Si,  this  is  accoaplished  simply  by  raising  the  reaction  teaperature  above 
the  melting  teaperature  for  an  appropriate  Interval.  For  the  compounds ,  the 
reactions  aust  be  aade  to  occur  in  two  steps;  Si  particles  fora  and  grow  in 
the  first  and  coapounds  fora  in  the  second.  The  separation  of  the  two  steps 
can  be  aade  to  occur  in  both  preaixed  and  injected  reactant  streams .  For  both 
elements  and  coapounds,  the  particles  aust  be  quenched  at  high  rates  to  avoid 
foraation  of  bonds  between  particles  after  desired  dlaaeters  have  been 
reached.  Using  correct  synthesis  conditions,  fully  dispersible  powders  of  all 
three  aaterials  were  aade  and  formed  into  high  density  green  parts. 


Distance  from  Non*#  (mm) 


Figure  7.  The  turbidity  of  silicon  carbide  reaction  zone  L30SC  as  a 
function  of  the  distance  froa  the  reactant  gas  nozzle. 
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INTRODUCTION 

A  method  of  producing  sinteribie  powders 
through  the  heating  of  gases  with  a  COj 
laser  has  been  developed  which  has  potential 
application  in  the  manufacture  of  silicon 
nitride  and  silicon  carbide  as  well  as  other 
high-temperature  ceramics  (Cannon  et  al., 
1982a.  b;  Suyama  et  aL,  1985).  Although 
variations  in  the  product  powder  characteris¬ 
tics  have  been  studied  extensively  as  a  func¬ 
tion  of  process  parameters,  the  properties  of 
the  reaction  itself  have  been  more  difficult  to 
characterize.  The  most  important  of  these 
properties  are  the  thermal  range  within  which 
the  reaction  takes  place,  and  the  evolution  in 
time  (and  space)  of  the  particle  size,  particle 
number  density,  and  crystallinity. 

This  paper  describes  a  technique  that  has 
been  developed  and  used  to  rapidly  and  ac¬ 
curately  measure  these  properties  with  a  spa¬ 
tial  resolution  of  1  mm.  Results  for  the  laser 
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synthesis  of  silicon  and  silicon  carbide 
powders  are  also  presented. 

EXPERIMENTAL  APPARATUS 
AND  METHODOLOGY 

The  powder  synthesis  process  involves  pass¬ 
ing  a  jet  of  reactant  gases  through  a  CW  C02 
laser  beam  inside  a  controlled  atmosphere 
reaction  cell.  Figure  1  is  a  schematic  of  the 
reaction  zone.  The  reactant  gases  and  the 
COj  laser  beam  intersect  at  the  center  of  the 
cell.  The  gas  is  heated  rapidly,  and  reacts  to 
form  small  particles,  which  are  swept  out  of 
the  cell  and  captured  in  a  filter.  Argon  is 
injected  in  a  concentric  annular  flow  at  the 
base  of  the  nozzle  to  constrain  the  reactant 
gases  in  a  narrow  stream  and  to  carry  the 
products  to  the  filter. 

By  this  method,  silane  gas  is  converted 
into  silicon  powder  by  the  simple  overall 
reaction 

SiH4(g)  -*  2H2(g)  +  Si(s).  , 

The  resulting  silicon  powder  is  ideal  for  forrn- 
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mg  reaction-bonded  silicon  nitride  because 
of  its  small  particle  size  (10-250  run  diame¬ 
ter  depending  on  process  parameters),  very 
narrow  size  distribution,  high  purity,  and 
loose  agglomeration.  The  same  technique  has 
been  used  to  produce  silicon  nitride  (Cannon 
et  al.,  1982a,  b)  and  silicon  carbide  powders 
(Suyama  et  aL,  1985). 

To  measure  the  process  parameters  of  in¬ 
terest,  an  apparatus  baaed  on  a  He-Ne  probe 
laser  was  developed.  The  extinction  and 
scattering  of  the  polarized  He-Ne  beam  by 
the  cloud  of  particles  provide  the  needed 
data  (D’Alossio  et  al.,  1975),  by  the  following 
methodology. 

Optical  pyrometry  determines  the  bright¬ 
ness  temperature,  S,  of  a  radiating  body,  at  a 
single  wavelength.  The  absolute  emissivity,  «. 
of  the  area  being  viewed  must  be  known 


before  the  true  temperature  can  be  calcu¬ 
lated.  This  can  be  readily  seen  from  Wien’s 
approximation  to  the  Planck  radiation  law 
(Rutgers  and  Devos,  1954)  written  in  terms 
of  the  radiance  Nk,  and  the  brightness  tem¬ 
perature,  5,  and  the  true  temperature,  T: 

C.tel~Cl/xr)  C.el~c*/XS) 

n - - •  0) 


If  the  emissivity  is  known,  the  true  tempera¬ 
ture  T  can  be  found  by  rearranging  Eq.  (1)  to 
yield 

1  1  Xlnc 

t  (2) 


The  accuracy  of  the  true  temperature  calcu¬ 
lation  is  essentially  equal  to  the  accuracy  of 
the  brightness  temperature  measurement 
(±10°C).  This  is  because  the  emissivity 
calculations  are  insensitive  to  the  only  quan¬ 
tity  that  is  not  directly  measured,  the  index 
of  refraction  of  the  particles. 

The  emissivity  of  a  body  is  given  by  its 
absorptivity. 


«»a-l-r-p.  (3) 

which  is  the  fraction  of  incident  light  that  is 
neither  reflected,  p,  nor  transmitted,  t.  For  a 
diffuse  cloud  of  particles  such  as  exists  in  the 
reactions  of  interest,  light  is  scattered  in  many 
directions  rather  than  reflected  as  one  wave. 
Thus,  the  emissivity  of  a  cloud  is  (Lowes  and 
New  all  1974) 

-»">(!£)•  <4> 


where  CCT(  and  are.  respectively,  the 
extinction  and  absorption  cross  sections  per 
particle.  The  integrated  scattering  cross  sec¬ 
tion  C**  is  related  to  and  C„,  by 

(5) 


The  cross  sections  are  functions  of  the  wave¬ 
length,  the  particle  size,  and  the  complex 
index  of  refraction,  m  -  n  -  ik,  of  the  par¬ 
ticles,  and  can  be  calculated  using  the 
Lorenz- Mie  scattering  equations  (Kerker. 
1969).  C„,  is  related  to  the  transmissivity 
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through 

r-7--exp<-WO.  (6) 

where  I0  and  /  are  the  incident  and  trans¬ 
mitted  intensities.  S  is  the  particle  number 
density,  and  /  is  the  thickness  of  the  cloud. 
Using  these  substitutions,  Eq.  (4)  can  be 
rewritten  as 

-HX1-*:)-  <7> 

The  first  term  is  determined  from  a  transmis¬ 
sion  measurement.  The  second  term  requires 
that  the  scatter-extinction  ratio  be  mea¬ 
sured. 

If  the  incident  and  scattered  light  are  plane 
polarized  orthogonal  to  the  scattering  plane, 
the  scatter-extinction  ratio  is  defined  by 


The  particle  size  can  be  determined  from  a 
plot  of  the  scatter -ex  unction  ratio  versus 
particle  size.  The  cross  sections  Cm  and 
can  be  found  using  similar  plots.  Once  C„, 
and  the  width  of  the  cloud  have  been  de¬ 
termined,  the  particle  number  density  can  be 
calculated  using  Eq.  (6). 

The  Lorenz- Mie  scattering  theory  can  be 
applied  to  the  scattering  of  light  by  a  cloud 
of  spherical  particles  if  the  following  three 
conditions  are  met  (Jones,  1979): 

1.  Each  particle  scatters  separately;  that  is, 
the  particles  are  not  agglomerated,  and 
are  separated  by  at  least  three  radii 
(Kerker,  1969); 

2.  There  is  no  optical  interference  among 
different  scattered  waves: 

3.  There  is  no  multiple  scattering. 


*-<«>  Mi  (>) 

£«J2  ln(V')  4,'C„  ’  '  ’ 

where  the  quantities  on  the  left-hand  side  are 
measurable,  and  those  on  the  right-hand  side 
are  calculable.  £X(S)  is  the  power  scattered 
at  angle  9  into  solid  angle  8Q  for  an  incident 
power  of  £0.  and  i  x(9)  is  the  Mie  scattering 
function  for  light  scattered  at  angle  9.  Equa¬ 
tion  (8)  is  written  for  the  case  where  the 
transmission  and  scattering  measurements 
are  made  simultaneously,  so  that  the  path 
length  and  number  density  dependencies 
cancel.  The  Mie  scattering  function,  i  x(9), 
depends  on  the  particle  radius,  the  particle 
index  of  refraction,  and  the  wavelength  of 
incident  light  (Kerker,  1969). 

Values  for  C„t,  C*,,  and  i  x(9)  were 
calculated  as  a  function  of  particle  radius  for 
the  values  of  9  and  A  used  in  the  experiment 
with  an  appropriate  index  of  refraction.  The 
results  of  this  calculation  are  plotted  as 
versus  ^2i  x(9)/4w1Cmt.  The  value 
of  Cn/C,,,  corresponding  to  an  experimen¬ 
tally  measured  scatter-extinction  ratio  is  then 
determined  from  this  plot  The  emissivity  of 
the  portion  of  the  cloud  on  which  the  trans¬ 
mission  and  scattering  measurements  were 
made  can  then  be  calculated  from  Eq.  (7). 


It  will  be  shown  in  the  fourth  section  that 
condition  1  is  true.  Condition  2  is  almost 
always  valid  for  random  systems  (Jones. 
1979).  But,  condition  3  requires  that  the 
turbidity  be  less  than  0.1  (Kerker,  1969)  and 
is  not  generally  met  by  regions  of  the  clouds 
of  particles  under  study. 

The  most  significant  result  of  high  turbid¬ 
ity  is  a  reduction  of  the  scattered  power 
tx(9)  because  both  the  probe  beam  and  the 
scattered  light  from  the  interior  of  the  cloud 
are  attenuated.  For  small-angle  scattering, 
this  effect  reduces  the  scattered  power  by  a 
factor  of  [1  -  (///0)Jl/2ln(  /„//).  (See  Ap¬ 
pendix  A  for  the  derivation  of  this  correc¬ 
tion.)  Therefore,  using  2£x(#)ln(  /„//)/ 
[1  -  (///„)*)  in  place  of  &x(9)  in  Eq.  (8) 
allows  the  use  of  the  Mie  scattering  theory  in 
spite  of  the  reduction  in  scattered  light  caused 
by  high  turbidity. 

The  other  result  of  high  turbidity  is  that  it 
leads  to  multiple  scattering,  which  increases 
the  scattered  power  £x(d).  This  effect  is 
more  difficult  to  account  for  analytically. 
Luckily,  small  silicon  particles  absorb  rather 
than  scatter  red  light.  For  example,  for  m  - 
4.38  -  0.26i,  the  scattering  cross  section  of  a 
24- nm  radius  particle  is  one  third  of  its  ab¬ 
sorption  cross  section.  Therefore,  the  correc- 
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tion  derived  in  Appendix  A  will  be  most 
valid  for  smaller  panicles. 

All  of  the  calculations  assume  a  monodis- 
perse  particle  distribution.  The  laser  process 
produces  fairly  narrow  distributions 
(e/mean  -  0.3)  (Cannon  et  aL,  1982b).  Since 
the  scattering  cross  section  increases  rapidly 
with  particle  size,  calculated  sizes  will  be 
somewhat  larger  than  the  actual  average  par¬ 
ticle  size  (Koon  Gee  Neoh,  1980). 

The  optical  properties  of  silicon  have  been 
studied  extensively.  In  the  visible  region  of 
the  spectrum,  the  complex  index  of  refrac¬ 
tion  (m  •  n  -  ik )  varies  strongly  with  wave¬ 
length.  temperature,  and  degree  of  crystallin¬ 
ity  (Dash  and  Newman,  1955;  Kuhl  et  aL, 
1974;  Janai  and  Karison,  1979).  Since  the 
powders  being  studied  are  changing  tempera¬ 
ture  rapidly,  and  perhaps  crystallizing  as  they 
grow,  a  series  of  calculations  were  performed 
using  various  possible  values  of  m. 

Figures  2  and  3  were  generated  from  com¬ 
puter  calculations  (Koon  Gee  Neoh,  1980)  of 
the  Mie  scattering  functions  and  cross  sec¬ 
tions  using  three  different  values  for  the  in¬ 
dex  of  refraction.  An  index  of  m-  4.1  - 
0.113/  is  appropriate  for  polycrystalline  sili¬ 
con  at  500°C,  and  m  -  4.38  -  0.99/  is  for 
amorphous  silicon  at  500°C  (Janai  and  Kari¬ 
son,  1979).  An  extrapolated  value  of  m* 
4.38  -  0.26/  should  be  valid  for  polycrystal¬ 
line  silicon  around  1100*C  or  for  a  poly- 
crystailine- amorphous  mix  at  some  lower 
temperature.  Figure  2  shows  the  calculated 
scatter-extinction  ratios  versus  CMa/Cn,  for 
9  -  20s.  It  is  apparent  that  the  relationship 
between  the  scatter-extinction  ratio  and 
Cte^/Cm  » independent  of  the  index  up  to  a 
ratio  of  approximately  0.025.  The  C„/Cn^ 
values  remain  dose  to  one  another  for  the 
two  polycrystalline  indices  for  higher  values 
of  the  ratio.  At  a  scatter-extinction  ratio  of 
0.04,  the  maximum  uncertainty  in « results  in 
a  true  teuperature  difference  of  only  26°C 
for  a  brightness  temperature  of  1100°C  ( - 
2.5%).  This  indicates  that  even  though  the 
index  as  a  function  of  position  in  the  reac¬ 
tion  zone  is  not  precisely  known,  the  emissiv- 


FIGURE  2.  Scatter-extinction  ratio  versus 


FIGURE  3.  Scatter-extinction  ratio  versus  par¬ 
ticle  radius. 


ity  and  the  temperature  can  still  be  de¬ 
termined  to  high  accuracy. 

Figure  3  is  a  plot  of  the  scatter-extinction 
ratio  versus  particle  radius  for  the  same  three 
indices.  A  much  larger  dependence  on  index 
is  noted.  Although  this  introduces  some  un¬ 
certainty  to  the  absolute  particle  size  and 
number  density  calculations,  this  is  not  a 
serious  problem  since  the  final  particle  size 
can  be  measured  by  BET  surface  area  analy¬ 
sis  and  transmission  electron  microscopy. 
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Without  question,  the  scatter-extinction 
measurements  can  be  used  to  monitor 
in  particle  size  and  number  density 
throughout  the  reaction.  It  may  also  be  pos¬ 
sible  to  extract  information  on  the  variation 
of  the  index  of  refraction  of  the  particles 
within  the  reaction  zone  from  the  scatter- 
extinction  measurements  as  a  function  of 
position. 

EXPERIMENTAL  PROCEDURE 

A  He-Ne  laser  is  used  as  the  probe  in  an 
apparatus  that  simultaneously  measures  the 
extinction  of  the  He-Ne  laser  beam  and  the 
intensity  of  the  scattered  light  at  an  angle  of 
20°.  Figure  4  is  a  schematic  of  the  optical 
layout. 

The  5-mW  vertically  polarized  He-Ne 
laser  is  mounted  on  a  cathetometer.  enabling 
measurements  to  be  made  as  a  function  of 
height  by  simply  translating  the  laser.  The 
transmitted  He-Ne  laser  light,  /,  is  mea¬ 
sured  by  a  silicon  photodiode  mounted  on  an 
x-y  translator.  The  scattered  He-Ne  light, 
£x(2Q°),  is  detected  by  an  RCA  C53030 
photomultiplier.  An  8.13-mm-diam  aperture 
determines  the  solid  angle  viewed,  which  is 
2.23  x  10  *4  sr.  Focusing  optics  are  not  used 
to  minimize  alignment  problems  as  the  probe 
laser  is  moved.  A  632.8- run  bandpass  filter 
passes  the  He-Ne  laser  light,  but  rejects 
most  of  the  thermal  emission  from  the  reac¬ 
tion  zone.  A  vertical  polarizer  analyzes  the 
polarization  of  the  scattered  light.  The  inci¬ 
dent  probe  laser  power,  was  measured 
by  directing  a  calibrated  fraction  of  the 
He-Ne  laser  beam  through  the  same  collec¬ 
tion  filters  to  the  photomultiplier  using  a 
beam  splitter  temporarily  mounted  at  the 
center  of  the  reaction  cell. 

A  micro-optical  pyrometer  (made  by 
Pyrometer  Instruments,  Inc.)  is  mounted 
alongside  the  photodiode  so  that  it  views  the 
reaction  zone  in  the  scattering  plane.  The 
flekl  of  view  of  the  pyrometer  is  such  that  a 
1-mnr  area  is  monitored.  The  sensitivity  peak 
of  the  pyrometer  (630  nm)  is  sufficiently 
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close  to  632.8  nm  that  no  correction  was 
needed  for  variation  of  the  optical  properties 
of  the  powder  over  this  range. 

At  each  height  the  following  sequence  of 
adjustments  and  measurements  is  required: 
the  cathetometer  is  set  to  the  desired  height: 
the  photodiode  is  adjusted  with  its  x-y 
translator  for  peak  signal;  /  and  £x(20°) 
are  measured  with  the  lock-in  amplifier,  the 
optical  pyrometer  is  focused  on  the  point 
where  the  He-Ne  beam  intersects  the  reac¬ 
tion  zone,  then  the  He-Ne  laser  is  blocked 
while  a  temperature  reading  is  made.  In  this 
way  the  scattering,  extinction,  and  brightness 
temperature  measurements  are  all  made  on 
the  identical  volume  of  the  reaction  zone. 


RESULTS  AND  DISCUSSION 

Measurements  were  made  on  laser-heated 
silicon  powder  synthesis  reactions  under  a 
range  of  process  conditions.  Table  1  lists  the 
parameters  of  the  reactions  studied  and  the 
equivalent  particle  sizes  determined  by  BET 
surface  area  analysis  for  similar  runs 
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TABLE  1.  Powder  Synthesis  Reactions  Studied 


Run 

No. 

Cell  pressure 
(atm) 

Reactant  Gas  Flow  Rata 

Radius 
by  BET 
<nm) 

Maximum 

turbidity 

Height 
r  -  0.25 
(mm) 

Silane 

(cstVmin) 

Arson 

(cmVmin) 

CjH, 

(em’/mn) 

631 S 

0.2 

31 

0 

0 

2.08 

3.0 

654 S 

0.2 

13 

25 

0 

17.5 

0.325 

8.5 

634S 

0.2 

6.5 

31 

0 

14.8 

0.095 

— 

6305 

0.2 

109 

0 

0 

22.2 

1.59 

7 

6505 

0.6 

66 

0 

0 

73.5 

5.83 

2.75 

910SiC 

0.6 

36 

0 

20 

17.0 

0.66 

3.0 

(Cannon  et  al..  1982a,  b).  The  maximum 
turbidity  and  the  height  above  the  nozzle 
where  the  turbidity  reaches  0.25  are  also 
listed. 

Figure  5  is  the  measured  scattered  power, 
£x(20°),  and  transmitted  intensity,  /,  in  mil* 
livolts  RMS  for  run  631S  as  a  function  of 
position  above  the  reactant  gas  nozzle.  The 
scatter-extinction  ratio  is  also  plotted.  Fig* 
ure  6  shows  the  emissivity,  c,  the  brightness 
temperature,  5,  and  the  true  temperature,  T, 
as  a  function  of  position  for  the  same  reac¬ 
tion.  Figure  7  shows,  e,  S.  and  T  for  ran 
654S.  These  plots  are  representative  of  the 
data  from  the  other  runs.  Figure  8  sum¬ 
marizes  the  true  temperature  distributions 
for  all  of  the  reactions  studied.  Figure  9 
summarizes  the  calculated  particle  sizes. 

The  number  density  of  particles  as  a  func¬ 
tion  of  position  in  the  reaction  zone  is  pre¬ 


sented  in  Figure  10  for  ran  654S.  Two  differ¬ 
ent  calculations  are  presented,  since  the 
calculated  number  density  is  a  strong  func¬ 
tion  of  the  value  of  the  index  of  refraction 
used. 

Figures  8  and  9  reveal  that  the  heating  of 
the  reactants  is  rapid,  and  the  reaction  is 
often  underway  before  the  reactants  intersect 
the  C02  laser  beam.  In  the  case  of  runs  650S 
and  631S,  the  measured  temperatures  at  the 
edge  of  the  laser  beam  are  over  900°C. 

Possible  heating  mechanisms  of  the  gas 
below  the  C02  laser  beam  are  thermal  con¬ 
duction  from  the  hot  zone,  and  resonant 
mission  from  vibrationally  excited  SiH4 
molecules  in  the  hot  zone.  The  maximum 
rate  of  infrared  emission  from  the  reaction 
zone  can  be  calculated  from  the  Planck  radi¬ 
ation  law.  At  X  —  4  pm.  and  1100°C,  the 
emission  rate  is  about  3  W/cm2/ptn.  If  the 


FIGURE  S.  /,  £x  (20°),  and 
scatter-extinction  ratio  for  run 
631S. 
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FIGURE  6.  Temperature  and  emu- 
si  vity  for  run  631S. 
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FIGURE  7.  Temperature  and  emis- 
sivity  for  run  654S. 
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FIGURE  S.  Temperature  versus  dis¬ 
tance  from  nozzle. 
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FIGURE  9.  Panicle  size  versus  dis¬ 
tance  from  nozzle. 
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FIGURE  10.  Panicle  number  density  versus  dis¬ 
tance  from  nozzle. 


width  of  the  4-pm  silane  absorption  band  is 
0.33  pm.  1.0  W/cm2  could  be  transferred  by 
radiation.  Hot  bands  and  the  10-pm  band 
will  also  contribute  to  some  extent.  Thermal 
conductivity  across  a  3- mm  gap  of  silane  is 
about  2  W/cm1  for  a  1000°C  temperature 
difference.  From  this  simple  analysis  it  ap¬ 
pears  that  both  thermal  conductivity  and 
vibrational  radiation  from  excited  silane 
molecules  are  significant  in  the  preheating  of 
the  reactants. 

Figure  8  also  indicates  that  for  all  reaction 
conditions  studied,  the  temperature  of  the 
silicon  powder  begins  decreasing  while  the 


particles  are  still  in  the  C02  laser  beam, 
suggesting  that  the  particles  themselves  are 
not  strongly  heated  by  the  laser.  Once  most 
or  all  of  the  silane  has  reacted  to  form  solid 
silicon,  the  gas-powder  mixture  stops  ab¬ 
sorbing  and  starts  to  cool  off.  The  half-life  of 
a  silane  molecule  is  only  10  psec  at  1200°C 
(Coltrin  et  al..  1984).  which  explains  why 
most  of  it  is  consumed  at  temperatures  sig¬ 
nificantly  below  the  silicon  melting  point. 

Since  the  particle  size  determinations  are 
sensitive  to  the  index  of  refraction,  the 
quantitative  conclusions  based  on  these  mea¬ 
surements  must  be  more  tentative.  It  is  clear 
that  the  particles  grow  rapidly,  and  that  the 
growth  process  usually  terminates  within  the 
C02  laser  beam  volume.  Significant  growth 
past  the  laser  beam  only  occurs  at  the  high 
flow  rates  (as  in  run  630S).  For  the  undiluted 
0.2-aim  runs,  agreement  between  these  mea¬ 
surements  and  BET  size  measurements  is 
good,  suggesting  that  the  polycrystalline  in¬ 
dices  extrapolated  above  500°C  are  the  best 
choice.  For  diluted  reactions,  which  are  not 
as  hot.  better  agreement  is  obtained  when 
the  lower  temperature  indices  are  used.  The 
overall  good  agreement  indicates  that  the 
high  turbidity  correction  is  reasonably  good 
for  turbidities  up  to  about  2. 

The  run  at  0.6  atm  (650S)  requires  ad¬ 
ditional  interpretation.  The  measured  par¬ 
ticle  size  is  much  smaller  than  the  BET  re- 
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suits.  However,  since  the  final  turbidity  of 
this  reaction  is  almost  6,  it  is  quite  possible 
that  the  turbidity  correction  is  not  accurate 
at  very  high  turbidities.  The  other  two  condi¬ 
tions  for  the  validity  of  Mie  scattering  should 
still  hold.  Large  turbidity  should  produce 
multiple  scattering,  resulting  in  a  larger 
scatter-extinction  ratio,  and  a  larger  calcu¬ 
lated  particle  size.  Interestingly,  just  the  op¬ 
posite  is  observed.  On  the  other  hand,  for 
such  a  turbid  cloud  virtually  all  of  the  de¬ 
tected  scattering  comes  from  the  outer  edge, 
where  the  silane  reactant  is  the  most  strongly 
diluted  with  argon.  Since  diluted  conditions 
produced  smaller  panicles,  it  is  likely  that 
small  particles  are  created  at  the  edges  of  the 
reaction  zone.  The  effect  of  this  would  be  to 
reduce  the  scatter-extinction  ratio,  leading 
to  a  small  calculated  particle  size. 

Finally,  the  leveling  off  of  the  scatter- 
extinction  ratio,  hence  the  particle  size,  un¬ 
der  all  conditions  indicates  that  the  large 
loose  agglomerates  that  are  typical  of  the 
powder  after  it  has  been  collected  in  the  filter 
are  produced  by  the  collection  process.  This 
justifies  the  assumption  that  condition  1  for 
Mie  scattering  is  valid.  It  also  suggests  that  a 
liquid  collection  process  should  produce  a 
monodisperse  suspension  of  silicon  particles. 
This  would  allow  the  fabrication  of  uniform 
high-density  compacts,  which  would  have 
much  improved  sintering  properties. 

The  particle  number  density  calculations 
are  extremely  sensitive  to  the  value  of  the 
refractive  index  used  in  the  calculation.  A 
calculation  based  on  a  constant  index  in¬ 
dicates  that  the  number  density  decreases 
from  a  maximum  value  at  the  inception  of 
the  reaction  to  a  constant  value  (Figure  10). 
Several  factors  can  contribute  to  the  ap¬ 
parent  decrease  in  number  density  from  levels 
calculated  at  the  base  of  the  reaction  zone. 
Although  expansion  of  the  reactant  gases 
with  heating  is  a  factor,  the  number  density 
change  is  too  great  for  this  to  be  solely 
responsible.  Small  particles  could  be  ag¬ 
glomerating  as  they  move  into  the  C02  laser 
beam.  We  feel  this  is  unlikely  because  there 


is  no  reason  why  the  agglomeration  process 
would  terminate  abruptly,  particularly  be¬ 
fore  the  reaction  had  neared  completion. 
Figure  9  shows  that  the  major  portion  of  the 
reaction  occurs  via  growth  after  the  number 
density  has  reached  a  constant  value.  The 
final  explanation  is  that  the  particles  are 
amorphous  at  the  base  of  the  reaction  zone 
and  crystallize  as  they  grow  while  traveling 
into  the  hotter  regions  of  the  zone.  Under 
this  assumption,  the  number  density  curve 
would  be  a  combination  of  the  amorphous 
curve  and  the  polycrystalline  curve,  as  shown 
by  the  dashed  line  in  Figure  10.  The  transi¬ 
tion  corresponds  to  the  region  within  the 
zone  where  the  amorphous  particles  crystal¬ 
lize.  The  temperature  at  the  end  of  the 
transition,  4.5  mm  from  the  nozzle,  was 
1120°C.  At  the  beginning  point,  3  mm  from 
the  nozzle,  the  reaction  zone  was  not 
luminous,  so  the  temperature  there  is  un¬ 
known.  A  linear  extrapolation  of  the  temper¬ 
ature  indicates  750°C,  which  is  probably  an 
upper  limit.  Because  of  the  large  growth  rates, 
and  the  short  length  of  time  at  this  low 
temperature,  750°C  is  consistent  with  the 
formation  of  amorphous  silicon.  However. 
1120°C  is  so  far  above  the  crystallization 
temperature  of  silicon  ( -  650°C),  that  the 
particles  are  certainly  polycrystalline  by  that 
point.  The  formation  of  amorphous  powders 
and  their  progressive  crystallization  is  there¬ 
fore  probably  responsible  for  the  apparent 
number  density  decrease  with  height  when  a 
constant  refractive  index  is  assumed.  The 
dashed  line  in  Figure  10  indicates  a  relatively 
constant  number  density. 

Preliminary  scatter-extinction  and  tem¬ 
perature  measurements  have  been  performed 
on  SiC  powders  made  from  SiH4  and  C2H4. 
Figure  11  shows  the  brightness  temperature, 
true  temperature,  and  emissivity  for  a  typical 
silicon  carbide  synthesis  run.  The  run  condi¬ 
tions  are  listed  in  Table  1.  As  was  observed 
in  the  silane  reaction,  the  heating  of  the 
reactants  is  very  rapid  and  the  reaction  is 
initiated  significantly  before  the  reactants  en¬ 
ter  the  laser  beam.  The  emissivity  increased 
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FIGURE  11.  Temperature  and  emusivity  for  run 
No.  910SiC. 


rapidly  until  a  nearly  constant  value  was 
achieved.  The  temperature  distribution 
within  the  laser-irradiated  region  was  suffi¬ 
ciently  similar  in  shape  to  the  Gaussian 
intensity  distribution  of  the  laser  beam  to 
suggest  that  the  SiC  particles  are  heated  di¬ 
rectly  by  the  C02  laser  beam. 

The  calculated  particle  radius  is  shown  in 
Figure  12.  The  high-temperature  optical 
properties  of  SiC  (Nishino  et  al.,  1975)  are 
not  precisely  known,  and  the  imaginary  part 
varies  strongly  with  small  departures  from 
stoichiometry.  Therefore  a  series  of  calcula¬ 
tions  using  various  values  for  the  refractive 
index  was  carried  out;  the  set  of  calculations 
that  produces  a  final  particle  size  that  agrees 
the  closest  with  the  BET  value  is  plotted  in 
Figure  12.  It  is  evident  that  the  nucleation 
and  growth  processes  are  nearly  complete  by 
the  time  the  particles  reach  the  laser  beam, 
suggesting  a  very  rapid  growth  rate.  Better 
data  on  the  SiC  optical  properties  should 
enable  more  accurate  comparisons  between 
the  scatter-extinction  results  and  the  particle 
size  determined  by  other  analytical  tech¬ 
niques. 

Figure  12  also  shows  a  plot  of  the  particle 
number  density,  S,  as  a  function  of  position 
in  the  reaction  zone.  The  calculated  number 
density  decreases  from  a  maximum  value  at 
the  base  of  the  reaction  zone  and  continues 


FIGURE  12.  Particle  size  and  number  density  for 
run  No.  910SiC. 


to  decrease  slightly  as  the  particles  travel 
further  from  the  inlet  nozzle.  The  decrease  in 
particle  number  density  may  indicate  the 
particles  are  agglomerating  within  the  reac¬ 
tion  zone,  or,  as  suggested  in  the  silicon 
synthesis,  the  particles  may  initially  form  as 
amorphous  SiC  and  crystallize  in  the  hotter 
regions  of  the  reaction  zone.  A  transition 
from  silicon  rich  to  nearly  stoichiometric  SiC 
would  also  explain  this  decrease.  A  more 
detailed  study  is  required  to  interpret  these 
results  with  respect  to  the  particle  formation 
mechanisms. 


CONCLUSION 

The  analytical  techniques  presented  here  are 
applicable  to  the  accurate  determination  of 
the  temperature  distribution  and  average 
particle  size  and  number  density  of  a  cloud 
of  particulates,  including  silicon,  silicon 
carbide,  or  silicon  nitride,  produced  in  a  C02 
laser-driven  reaction.  While  the  technique  has 
been  primarily  used  to  study  the  production 
of  Si  powder  from  silane  gas,  an  equivalent 
study  of  the  SC  and  Si  3N4  reactions  re¬ 
quires  only  some  idea  of  their  high-tempera¬ 
ture  optical  properties.  This  technique  is  rel¬ 
atively  insensitive  to  the  optical  thickness  of 
the  cloud,  or  to  whether  the  individual  par¬ 
ticles  primarily  absorb  or  scatter  light  (al¬ 
though  a  finite  absorption  cross  section  is 
required). 


v, 

% 


34 


Laser- Driven  Reactions:  Powder  Generation 


299 


This  research  was  funded  by  ONR/ARO  under  coo- 
tract  No.  N000144MC-0330.  19S2-19M.  sad  by 
NASA/Lewis  under  contract  No.  NSG  764$.  Wc  would 
like  to  ihaak  Professor  Adel  Sarodm  (or  the  gift  of  the 
computer  program  sad  helpful  discussions  We  are  also 
indebted  to  Professor  Toot  Eager  for  the  loan  of  the 
He-Ne  laser  aad  for  letttag  us  use  his  computer  facility, 
and  to  Professor  Kent  Bowen. 


APPENDIX  A:  CORRECTION  FOR  HIGH 
TURRIDITY  IN  SCATTERING 
MEASUREMENTS 

The  derivations  from  Lorenz- Mie  scattering 
theory  are  valid  only  when  the  three  condi¬ 
tions  cited  in  the  text  for  single  scattering  are 
met.  If  the  probe  beam  is  attenuated  signifi¬ 
cantly  by  the  cloud,  the  last  volume  element 
will  experience  an  incident  power  less  than 
£0,  so  it  will  scatter  less  light  than  does  the 
first  volume  element  In  small-angle  scatter¬ 
ing,  the  light  from  the  last  volume  element  of 
the  cloud  will  have  to  travel  back  through 
the  cloud,  being  further  attenuated.  From 
Lorenz- Mie  theory,  the  light  scattered  at 
position  p,  £($,  p)  is 

£(9,p)-NC„(0)E(p)i  flip.  (A.l) 

where  N  is  the  particle  number  density, 
0^(0)  is  the  scattering  cross  section  at  angle 
0,  E(p)  is  the  probe  power  at  position  p, 
and  00  and  ip  are  the  solid-angle  and 
volume  depth,  respectively.  If  the  cloud  is 
optically  thin,  E(p)  -  £0,  and  the  scattered 
light  is  not  attenuated  as  it  leaves  the  cloud, 
so  the  total  scattered  light  from  the  entire 
cloud  of  thickness  D  is 

£(0)-fD£(0,p)dp-VCm.(0)EoSQD. 

(A.2) 

If  the  cloud  is  not  optically  thin,  then  the 
power  at  position  p  is 

E{p)-E<fi- wc-'  (A.3) 

and  the  scattered  light  is  attenuated  by 
e~NCm,L  where  £  g  the  distance  out  of  the 
cloud  at  an  angle  0  from  position  p.  Figure 


FIGURE  A.L  Scattering  diagram  with  cylindrical 
symmetry. 


A.1  illustrates  these  relations  for  a  circular 
cloud  with  the  probe  beam  passing  along  the 
diameter,  D.  The  total  scattered  power  is 

£(0)-[D£(9.p)dp 

-/V(»)«  0 

x  £of  “  NCm»fe~NC—L  dp.  (A.4) 

For  0  -  20s.  L  is  equal  to  p  within  3%  so 
Eq.  (A.4)  can  be  integrated: 

6(0)  -  NC„(9)  00 £0 / V2"c~' dp 
Jo 

I  l-e-2NC~D\ 

-  AfC„(0)  0Q£oZ>|  X&C^ir  )• 

(A.5) 


From  the  Beer -Lambert  relation: 


/ 

T0 


e-"C„,D 


(A.6) 


or 

In  (V/)-NC„tD.  (A.7) 

Equation  (A.3)  can  therefore  be  rewritten  as 

~1 -(///,)»' 


£(0)-NC„(9)iQEoD 


2  ln(  Iq/I  ) 


(A.8) 


For  the  case  where  the  incident  and  scattered 
waves  are  orthogonal  to  the  scattering  plane. 


(AJ/4*J)<X(#)  is  substituted  for  Cn(8), 
leading  to 


2£x(g)ln(y/) 
£0«o[l  -  (I/I0f 


X 2ix(*)ND 

4*1 


(A.9) 


Again,  the  right-hand  tide  is  calculable  from 
the  Mk  equations,  the  left  is  measured.  Di¬ 
viding  by  lnC/o/7)  »  MCatD  leads  to  the 
scatter-extinction  ratio  corrected  for  high 
turbidity. 


2£^(0)(measured)  jA2iJ.(d) 
£o«O[l  -(///0)2]  " 


(A.10) 
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Crystal  Structure  of  Silicon  Powders  Produced 
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The  crystallinity  and  microstructure  of  fine  silicon  particles  produced  by  the 
decomposition  of  laser-heated  silane  gas  were  studied  in  as-synthesized  arid  an¬ 
nealed  states.  Amorphous,  partially  crystalline,  and  fully  crystalline  particles  can 
be  produced.  With  annealing  at  550°C ,  partially  crystalline  particles  become  fully 
crystalline;  amorphous  policies  remain  amorphous.  The  results  agree  with  pre¬ 
vious  interpretations  of  formation,  growth,  and  crystallization  processes  in  the 
reaction  zone  based  on  light  scattering  and  transmission  diagnostics. 


rTlME  laser-initiated  gas-phase  synthesis 
*  process  is  a  very  promising  method  for 
producing  powders  with  the  ideal  charac- 
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teristics  required  for  technical  ceramic  ap¬ 
plications.  The  process  description'  and  the 
characteristics2  of  Si.  SiC.  and  SijN.  pow¬ 
ders  produced  by  this  technique  and  the 
superior  properties  of  resulting  parts1  have 
been  discusUd  in  previous  publications. 
The  present  work  examines  the  crystallinity 
and  mjcrostructure  of  fine  silicon  powders 
produced  by  pyrolysis  of  laser-heated  si¬ 
lane  gas.  Depending  upon  the  reaction  con¬ 
ditions.  the  resulting  paniculate  product 
can  be  amorphous,  partially  crystalline,  or 
fully  crystalline.  Importantly,  these  results 
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confirm  critical  aspects  of  previous,  inde¬ 
pendent  interpretations  of  particle  for¬ 
mation  and  growth  procesaes. 

Detailed  TEM  characterization* J  of 
the  Si  powders  shows  that  the  primary  Si 
panicles  agglomerate  and  ultimately  fuse 
into  larger  particles  as  reaction  tem¬ 
peratures  approach  and  then  exceed  the 
melting  point  of  Si.  These  agglomerates 
and  fitted  panicles  form  by  processes  that 
ate  distinct  from  the  formation  of  the  pri¬ 
mary  panicles.  This  research  addresses 
the  latter  and  was  initiated  to  corroborate 
interpretations*  of  formation  and  growth 
processes  deduced  from  light  scattering  and 
transmission  measurements. 

Experimental  Procedure 

Silicon  powders  were  produced  from 
laser-heated  silane  gas  using  the  conditions 
summarized  in  Table  I.  The  effects  of  the 
synthesis  conditions  (laser  intensity,  pres¬ 
sure.  dilution  with  argon,  and  reactant  flow 
rates)  on  the  particle  micleation  and  growth 
kinetics  and  the  resulting  powder  character¬ 
istics  have  been  studied  in  detail.'  The  re¬ 
action  zone  temperatures  were  determined 
by  micro  optical-pyrometry  corrected  for 
nonunity  emissivities.  Emissivities  of  the 
reaction  zone  and  particulate  plume  were 
measured*  ’  using  the  scattered  and  trans¬ 
mitted  intensities  of  a  HeNe  laser  beam. 
This  scatter-extinction  technique  also 
yields  the  local  particle  number  density  and 
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Tabic  1.  Summary  of  Synthesis  Conditions  as  Measured  Particle  and  Crystallite  Diameters  for  As-Synthesized  and  Annealed  Si  Powders* 
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diameter,  permitting  nucleatioa  and  growth 
processes  to  be  monitored  within  the  reac¬ 
tion  zone. 

Numerous  techniques  were  employed 
to  determine  the  physical,  chemical,  and 
crystalline  characteristics  of  as-synthesized 
and  annealed  powders.  Panicle  densities 
were  measured  by  He  pycnometry.  The 
surface  area  was  measured  by  the  BET 
method.  The  particle  and  crystalline  sizes 
were  measured  using  TEM.  STEM,  and 
X-ray  line  broadening.  The  broadening  of  a 
single  X-ray  diffraction  peak  was  used  to 
determine  the  crystalline  size  presuming 
both  Gaussian  and  Cauchy  shaped  peaks;* 
lattice  distortions  and  stacking  faults  had 
negligible  effects7  on  the  peaks. 

Powders  synthesized  with  varied  laser 
intensities  were  annealed  to  elucidate  the 
crystalline  microstructures  of  the  as- 
synthesized  powders.  The  powders  were 
annealed  for  6  h  at  550°C  in  argon.  At  this 
temperature,  there  should  be  no  homoge¬ 
neous  nucleation  of  crystalline  material 
within  the  amorphous  regions  but  existing 
crystallites  should  grow  rapidly  into  amor¬ 
phous  regions.10  "  Also,  both  normal  and 
secondary  grain  growth  rates  ate  negligible 
at  this  temperature.'3"'* 

Results 

In  general,  the  silicon  powders  were 
all  similar  in  character.  The  primary  par¬ 
ticles  were  fine  (average  panicle  sizes' 
from  20  to  95  nmi.  were  nearly  mono- 
dispersed.  were  pure  (spectrographi- 
cally  «200  ppm  total  impurities  and 
«0.l  wt*  O;).  and  were  spherically 
shaped.  The  physical  and  crystalline  char¬ 
acteristics  are  summarized  in  Table  I.  For 
the  Si  powders  used  in  these  studies,  the 
BET  equivalent  spherical  diameters  and  the 
diameters  measured  from  TEM  micro¬ 
graphs  were  always  nearly  equal,  indicat¬ 
ing  that  the  particles  had  both  no  porosity 
accessible  to  the  surfaces  and  smooth 
surfaces.  Powder  densities  determined 
from  helium  pycnometry  indicated  the  par¬ 
ticles  had  no  appreciable  closed  porosity 
Most  Si  powders  were  at  least  partially 
crystalline  to  both  X-ray  and  electron  dif¬ 
fraction.  In  all  cases,  the  crystallite  sizes 
were  substantially  smaller  than  both  the 
BET  equivalent  and  the  (SVTEM  panicle 
diameters;  each  individual  panicle  con¬ 
tained  numerous  crystallites. 


It  was  found  that  the  ratio  of  the  crys¬ 
tallite  size,  determined  from  X-ray  line 
broadening,  to  the  overall  panicle  size,  de¬ 
termined  by  BET  surface  area  measure¬ 
ments.  varied  systematically  with  synthesis 
conditions.  Figure  1  shows  the  effect  that 
laser  intensity,  and  the  dependent  maxi¬ 
mum  reaction  zone  temperature,  had  on  the 
ratio  of  the  crystallite  diameter,  dx-n,.  to 
the  panicle  diameter.  dlrr.  in  the  as- 
synthesized  powders.  The  relative  crys¬ 
tallite  size  initially  becomes  larger  with 
increasing  reaction  zone  temperature. 
Above  a  specific  reaction  zone  temperature 
(••1080*0.  the  dx-ny/darr  ratio  remains 
constant.  Similar  results*  were  observed 
with  temperature  changes  induced  by  var¬ 
ied  reactant  gas  flow  rates  and  dilution  of 
the  reactant  gas  stream  with  argon. 

If  the  as-synthesized  powders  with  the 
relatively  small  crystallite  sizes  were  fully 
crystalline,  the  low-temperature  annealing 
treatment  should  have  little  effect  on  either 
the  crystallite  or  panicle  sizes  because  both 
growth  rates  are  negligible  until  tem¬ 
peratures  approach  the  melting  point.  l!~u 
even  in  heavily  doped  powders.  If  the  pow¬ 
ders  were  panially  crystalline,  the  an¬ 
nealing  cycle  should  cause  the  crystallite 
size  to  increase  while  the  overall  particle 
size  should  remain  unchanged  because  the 
transformation  (growth)  rate  is  appreciable 
at  550*0.'°  "  The  annealing  results  are 
summarized  in  Table  1  and  presented 
graphically  in  Fig.  I.  As  anticipated,  this 
low -temperature  anneal  caused  no  observ- 


Tru*  oortic*  lrnoeroiure  i*C) 


Fig.  I .  Effect  of  laser  intensity  and  a  550*C. 
6-h  posuynthesis  annealing  treatment  on  the 
crystallite-to-particle  size  ratio  of  laser- 
synthesized  Si  powders  The  correlation  between 
the  maximum  true  reaction  zone  temperature  ex¬ 
perienced  by  the  panicles  and  the  laser  intensity 
is  shown. 


able  effect  oa  the  size  or  shape  of  the  par¬ 
ticles.  However,  annealing  did  alter  their 
nucrostructures  in  some  cases. 

For  the  lowest  intensity  run.  658S 
(T.. -930*0.  the  as-synthesized  powder 
appeared  completely  amorphous  by  STEM 
analysis.  X-ray  diffraction  peaks  were  ex¬ 
tremely  weak  with  breadths  corresponding 
to  crystallite  sizes  of  nominally  4.0  nm. 
Since  this  dimension  is  much  larger  than 
the  STEM  resolution  limit  (—1.5  nm).'5 
we  presume  that  a  very  few  crystalline  par¬ 
ticles  exist  in  this  as-synthesized  powder. 
The  annealed  658S  powder  remained  al¬ 
most  completely  amorphous,  confirming 
that  a  55CTC  annealing  temperature  does 
not  permit  appreciable  nucleation.  After 
annealing.  STEM  analysis  indicated  that  a 
very  small  number  ( <  1  %)  of  particles  con¬ 
tained  crystalline  regions  that  were  sur¬ 
rounded  by  still  amorphous  material.  It  is 
unlikely  that  these  8-  to  15-tim  crystallites 
existed  in  the  as-synthesized  powder; 
rather,  they  pew  either  from  preexisting 
microcrystallites  that  were  too  small  to  be 
imaged  by  STEM  or  from  a  very  small 
number  of  nuclei  formed  and  propagated 
during  this  annealing  process. 

The  individual  as-synthesized  par¬ 
ticles  from  the  intermediate  intensity 
run  640S  960*0  contained  both 

amorphous  and  crystalline  regions.  No 
amorphous  areas  remained  in  any  of  the 
annealed  particles.  Dark-fteld  images  of 
the  as-synthesized  and  annealed  pow¬ 
ders  showed  that  annealing  caused  both  the 
fraction  of  crystalline  material  and  the 
crystallite  size  to  increase. 

Powder  635S  made  at  the  highest  in¬ 
tensity  (T^.- 1 190*0  was  entirely  crystal¬ 
line  in  both  the  as-synthesized  and  annealed 
states.  Their  grain  sizes  were  typical  I  > 
a  large  fraction  <(6  to  '/:)  of  their  pani¬ 
cle  sizes. 

The  STEM.  X-ray  line  broadening, 
and  BET  surface  area  results  corroborate 
one  another.  The  550*C  anneal  had  no  ap¬ 
preciable  effect  on  panicle  size.  At  suf¬ 
ficiently  low  synthesis  temperatures,  the 
as-synthesized  powders  were  amorphous: 
annealing  at  S50*C  for  6  h  did  not  cause 
appreciable  crystallization.  With  some¬ 
what  higher  synthesis  temperatures,  the 
as-synthesized  panicles  contained  both 
amorphous  and  crystalline  regions.  With 
annealing,  the  crystallites  in  these  powders 
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pern  into  the  surrounding,  initially  amor¬ 
phous  region*  producing  fully  crystalline 
particles.  With  still  higher  synthesis  tem¬ 
peratures.  the  as-synthesized  powder  was 
fully  crystalline  and  the  low-tempera¬ 
ture  anneal  had  negligible  effect  on  the 
micRMcructure. 

The  total  number  of  nuclei  dial  ulti¬ 
mately  form  and  propagate  to  the  point  of 
impingement  are  approximately  the  same 
(•»3’«27)  in  each  panicle  for  all  powder 
types.  This  same  result  has  been  observed 
by  Phillips1*  for  SiC  powders  made  with 
plasma-heated  gaseous  materials. 

Discussion 

The  formation  of  initially  amorphous 
solid  nuclei  directly  from  the  vapor  phase, 
subsequent  growth  by  accretion  of  vapor 
molecules,  and  possible  crystallization  of 
the  amorphous  particles  in  the  hotter  re¬ 
gions  of  the  reaction  zone  were  postulated 
independently  on  the  basis  of  the  light 
scatter-extinction  results.'  If  reaction  tem¬ 
peratures  remained  below  the  spontaneous 
crystallization  temperature  of  amorphous 
silicon,  the  panicles  remained  amorphous. 
In  numerical  agreement  with  measured 
diameters  and  mass  flow  rates,  the  num¬ 
ber  density  of  panicles  calculated  by 
the  scatter-extinction  technique  remained 
essentially  constant  if  the  particles  were  as¬ 
sumed  to  have  refractive  indices  character¬ 
istic  of  amorphous  silicon  at  the  base  of  the 
reaction  zone  and  refractive  indices  of 
either  polycrystalline  or  a  mixture  of 
polycrystalline  and  amorphous  silicon  at 
positions  further  into  the  reaction  zone 
where  temperatures  were  higher.  The  ma¬ 
jority  of  particle  growth  occurred  under 
conditions  where  a  constant  particle  num¬ 
ber  density  was  observed.* 7  The  accuracy 
of  this  description  depends  largely  on 
the  presumed  crystallization  of  initially 
amorphous  particles  being  correct. 

These  annealing  studies  showed  that 
the  crystallization  process  is  inhibited  by 
the  Absence  of  nuclei  within  particles  that 
have  not  been  exposed  to  synthesis  tem¬ 
peratures  in  excess  of  nominally  930*C.  a 
temperature  level  which  exceeds  spontane¬ 
ous  crystallization  temperatures  normally 
observed"  for  amorphous  Si  films.  The  dif¬ 
ference  between  the  temperature  levels 
probably  results  primarily  from  the  ex¬ 
tremely  short  exposure  time  (•KT*  s)  in 
the  laser  synthesis  process:  however,  other 
factors  may  be  important  because  nuciea- 
uon  and  growth  rates  of  crystalline  Si  are 
extremely  sensitive"  to  the  composition 
and  microstructure  of  the  amorphous  ma¬ 
trix.  Once  reaction  temperature  levels  are 
reached  ( >930*C)  where  nuclei  form  in  the 
initially  amorphous  particles,  the  crys¬ 
tallites  grow  until  they  impinge  and  the  par¬ 
ticles  become  folly  crystalline.  Although 
this  temperature  level  is  higher  than  both 
normal  spontaneous  crystallization  tem¬ 
peratures  and  the  annealing  temperature 
used  in  these  experiments,  growth  of  Si 
crystallites  into  amorphous  material  with¬ 
out  simultaneous  homogeneous  nuclea- 


tion  has  been  observed17  M  in  amorphous 
Si  films. 

The  crystallite  growth  rates  within 
these  Si  powders  can  be  deduced  quali¬ 
tatively.  During  panicle  growth,  the  crys¬ 
tallites  grew  to  a  diameter  of  6  to  10  nm 
in  «10'J  s  at  T* 960*C  corresponding  to 
a  minimum  radial  growth  rate  of 
3*  10*  nm/s.  During  anneal  mg  at  5S0*C. 
growth  rates  were  at  least  9x  10"’  nm/s. 
These  compare  with  reported  rmes"  ”  M  of 
8x  10"  to  2  nm/s  at  550*C  and  estimated 
rates  of  8x  10*  to  8x  10*  nm/s  at  960*C 
based  on  extrapolations  of  rates  measured 
in  films  at  temperatures  up  to  630*C.  The 
crystallite  growth  rues  observed  in  these 
powders  appear  reasonable  based  on  the 
ranges  of  reported  rates. 

The  persistent  constancy  of  the  num¬ 
ber  of  nuclei  that  form  within  otherwise 
highly  variable  particles  remains  puzz¬ 
ling;  nucleation  usually  occurs  either 
heterogeneously  at  free-parocle  surfaces, 
heterogeneously  on  contained  impurity 
inclusions,  or  homogeneously  within  the 
volumes  leading  to  —dl  or  **<f 5  rate  de¬ 
pendencies  that  increase  exponentially  with 
temperature.  The  observed  result  would 
follow  if  nucleation  occurred  (probably  het¬ 
erogeneously)  only  over  a  narrow  range  of 
particle  diameters  and  temperatures  during 
growth  for  all  synthesis  conditions  because 
final  particle  diameters  range  over  a  factor 
of  *«3.  Although  the  occurrence  of  similar 
ume-tempenture-diameser  histories  might 
be  argued  for  specific  portions  of  all  syn¬ 
thesis  experiments,  nucleation  would  have 
to  cease  abruptly  in  all  cases  even  with  a 
continually  rising  temperature  since  these 
synthesis  experiments  did  not  have  the 
same  maximum  temperatures.  This  postu¬ 
lated  behavior  is  inconsistent  with  this 
study's  findings;  nucleation  in  the  amor¬ 
phous  regions  of  the  particles  was  shown  to 
be  kinetically  inhibited  at  lower  tem¬ 
peratures  hence  normally  would  be  ex¬ 
pected  to  increase  exponentially  in  rate 
with  increasing  temperature  rather  than 
ceasing  abruptly.  Another  possible  expla¬ 
nation  for  this  study  's  findings  could  be 
rapid  epitaxial  growth  of  grains  from  a 
fixed  number  of  nuclei  during  deposition 
causing  an  absence  of  amorphous  material 
in  which  homogeneous  nuclei  could  form. 
This  postulate  is  also  contradicted  by  the 
study's  results:  the  panicles  grow  faster 
f — 10s  nm/s)  than  the  crystallites,  thereby 
producing  panially  crystalline  panicles. 
To  summarize,  for  unexplained  reasons, 
nuclei  do  not  form  homogeneously  within 
the  primary  panicles  under  conditions 
for  which  they  are  expected  based  on 
other  studies.  n'K 

These  results  reflect  on  the  particles' 
formation  and  growth  history  from  SiH4 
gas.  They  are  consistent  with  the  sustained 
growth  of  amorphous  material  onto  initially 
amorphous  nuclei  by  the  accretion  of  vapor 
molecules  during  the  initial  stages  of 
growth  of  the  primary  Si  particles.  The 
emergence  of  a  fixed  number  of  nuclei  per 
panicle  and  the  apparent  cessation  of 
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nucleation  with  rising  temperature  are 
the  two  important  anomalies  revealed  by 
these  results. 
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Wetting  and  Dispersion  of 
Silicon  Powder  Without  Defiocculants 
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The  dispersion  characteristics  of  fine,  pure 
silicon  powders  in  a  number  of  liquids  were 
Technology,  studied  under  controlled  atmospheric  condi¬ 
tions.  A  simple  screening  test  was  used  to 
judge  the  dispersion  characteristics  qual¬ 
itatively.  Sessile  drops  were  examined  to 
determine  whether  or  not  the  contact  angles 


Early  studies  on  the  dispersibility  of  silicon  were  conducted  near 
"the  beginning  of  this  century.  Weuer'  cues  Kuzal  as  fust  pre¬ 
paring  hydrosois  of  thoroughly  pulverized  silicon  by  cresting  the 
powder  alternately  with  acid  and  alkali:  while  We|elin:  also 
prepared  silicon  hydrosois  by  mechanical  grinding.  Astalk  and 
Gutbter*  investigated  the  chemical  preparation  of  colloidal  silicon 
by  reduction  of  silicon  dioxide  with  magnesium.  By  processes 
which  involved  grinding  and  washing  silicon  with  hydrochloric 
acid,  they  produced  both  unstable  and  concentrated  sols. 

Recent  interest'  in  silicon  dispersions  has  focused  on  aqueous 
slip*  for  casting  parts  co  be  subsequently  oitnded  to  reaction- 
bonded  silicon  nitride.  This  study  is  directed  toward  forming 
inactiotHbonded  silicon  nitride  parts  with  a  very  fine,  highly  pure 
silicon  powder  synthesized  by  a  laser  gas-phase  process. 4  Initial 
experiments  showed  that  aqueous  media  introduce  uncertainties 
about  oxidation  which  advene! v  affect  the  nitriding  process.  We 
have,  therefore,  chosen  to  study  dispersions  of  silicon  in  various 
organic  solvents,  some  of  which  sufficiently  volatile  that  they  am 
eliminated  easily  during  drying.  The  work  repotted  here  concen¬ 
trates  on  organic  dis  pen  tons  in  the  absence  of  surfactants  or 
polymer  defiocculants.  since  these  additives  are  often  difficult 
to  eliminate  from  a  green  pan. 

According  to  Williams  and  Goodman.1  a  single  crystalline  sili¬ 
con  wafer  is  oxidized  immediately  when  exposed  to  air.  producing 
a  layer  of  SiO,  which  in  turn  controls  the  wetting  characteristics  of 
the  wafer.  Apparently,  previous  investigations  "1  on  silicon  dis¬ 
persions  were  conducted  in  aqueous  media  without  controlling  the 
atmosphere  (air),  resulting  in  ambiguous  results,  especially  in  view 
of  Williams  and  Goodmans  comments.  Special  care  was  taken 
to  control  the  processing  atmosphere  in  our  experiments  to  avoid 
this  problem. 

This  study  uses  a  fine,  monosized,  highly  pure  silicon  as  the 
starting  powder,  prepared  according  to  Haggerty  and  Cannon4  and 
addresses  ( 1 )  the  basic  wetting  properties  of  this  new  silicon 
powder  using  representative  families  of  organic  liquids  and 
(2)  the  dispersion  properties  of  this  powder,  including  states  of 
agglomeration. 

Experimental 

Materials 

The  silicon  powder  used  in  this  study  was  synthesized  from  the 
laser-driven  decomposition  of  SiH*(g)  under  the  following  condi¬ 
tions:  760  W-cnT2  COi  laser  intensity.  2x  104  Pa  (0.2  atmi  cell 
pressure.  11  cm1  SiR.  min'1 .  and  1000  cm'  Ar  min'1.4  The  sur¬ 
face  area  from  single-point  BET  measurements  is  55.4  nr-g*1. 
corresponding  to  an  equivalent  spherical  diameter  of  46.5  nm. 
Neutron  activation  analysis  indicated  0. 14  wt9fe  oxygen  and  spec¬ 
troscopic  analysis  indicated  <30  ppm  of  other  elements. 
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measured  on  single  crystalline  silicon  cor¬ 
related  with  the  dispersion  behavior.  The 
stability  of  powder  suspensions  depended 
on  the  dielectric  constant  of  me  liquid.  Ag¬ 
glomerates  within  the  suspensions  were  ex¬ 
amined  by  several  direct  techniques.  Also, 
powder  was  centrifugally  cast  from  one  of 
the  suspensions  permitting  the  degree  of 
uniformity  in  green  parts  to  be  used  as  a 
qualitative  measure  of  dispersion  quality. 


Commercially  available  grades  of  the  organic  liquids  were  used 
in  this  study;  selected  physical  properties'  *  are  given  in  Table  I. 
These  liquids  represent  commonly  available  organic  families,  in¬ 
cluding  aliphatic  and  aromatic  hydrocarbon,  alcohol,  ketone, 
ether,  carboxylic  acid,  and  aldehyde  classes:  water  is  also  included. 

The  single-crystalline  silicon  wafer  used  for  contact  angle  mea¬ 
surements  was  boron-doped  (10"  cm'1).  The  wafer  was  cleaned  to 
remove  oxidic  layers  which  may  have  been  present  in  the 
“as-received"  material.  This  was  accomplished  by  ultrasonic  agita¬ 
tion  in  trichloroethylene,  acetone,  methanol,  and  pure  water  for 
5  min  in  each.  The  silicon  wafer  was  then  treated  with  2.9 M  HF 
for  an  additional  5  min.  With  the  aid  of  a  nitrogen  purge,  the  HF 
solution  was  removed  by  successively  diluting  the  cleaning  liquor 
with  pure  water.  The  silicon  wafer  was  dried  and  placed  into  a 
sealed  plastic  chamber  equipped  with  an  optical  glass  window  and 
a  rubber  cover  under  glove  box  conditions.  This  arrangement 
permitted  contact  angles  to  be  measured  under  N:(g )  atmosphere, 
containing  less  than  1  ppm  oxygen  and  water. 

Dtsporston  Tost 

A  simple  screening  test  was  used  to  determine  the  wetting  be¬ 
havior  and  stability  of  suspensions  consisting  of  the  silicon  powder 
and  the  various  liquids.  Preparation  of  a  system  was  conducted  by 
introducing  a  small  amount  of  powder  ( 100  mgj  into  a  glass  bottle 
under  nitrogen  atmosphere  in  a  glove  box  and  then  sealing  it  with 
a  thin  rubber  cover.  After  the  selected  liquid  ( IS  cm')  was  injected 
through  the  rubber  cover  into  the  bottle  via  a  syringe,  the  powder 
was  dispersed  by  first  shaking  the  mixture  lightly  and.  sub¬ 
sequently.  subjecting  the  systems  to  an  ultrasonic  probe  for  three 
minutes  to  mu  thoroughly.  After  standing  for  5  days,  the  sus¬ 
pensions  were  visually  evaluated. 

Contact  Anglo  Moasuromont 

The  equilibrium  contact  angle  (9.)  established  with  sessile 
drops  <0.01  cm  ’)  of  desired  liquids  on  single  crystalline  silicon  was 
measured  at  23*C  with  a  contact  angle  goniometer* 

OotaAod  Aggtomorooon  Evaluation  lor  n-Propanoi  Systems 

Dispersion  Preparation:  The  state  of  agglomeration  wts  eval¬ 
uated  in  systems  of  silicon  dispersed  in  n-propanol  via  three  pre¬ 
parative  methods. 

a.)  Hand  Mixing:  A  small  amount  of  silicon  powder  (—  i  mg) 
and  n -propanol  (10  cm')  were  mixed  under  a  controlled  N;(g> 
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TaM#  I.  Physical  Properties  of  Liquids* 
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Gnd* 

Diatoctnc 

comum' 

Surface  teaMun* 
imN-m ' 

Dispersion  test 
(CSUJU* 

Aflftc 

Mfcffecsj 

Khttmir  »>  am  win 

a -hexane 

Certified1 

1.89 

18.4 

Poor 

0 

Cyclohexane 

Analytical 

2.02 

23.2 

Poor 

1! 

1 

n -octane 

•  • 

1.95 

21.6 

Poor 

0 

1— —  pm* 

Benzene 

Analytical 

2.28 

28.9 

Poor 

0 

Toluene 

Reagent** 

2.4 

28.5 

Poor 

0 

Xylene 

Certified* 

2.3-2. 5 

28-30 

Poor 

ii  n 

Alttfwli 

Methanol 

Absolute- 

32.6 

22.5 

Good 

0 

Ethanol 

Absolute" 

24.3 

22.4 

Good 

so 

a-Propanol 

Analytical' 

20.1 

23.7 

Good 

0 

Isopropanol 

Certified1 

18.3 

21.3 

Good 

110 

n  -butanol 

Reagent- 

17.8 

23.4 

Good 

00 

n-heptanol 

tt 

Good 

00 

n-octanol 

Certified* 

10.3 

27.5 

Good 

0 

Benzyl  alcohol 

Analytical" 

13.1 

35.5 

Good 

14 

Ethylene  glycol 

Certified* 

38.7 

48.4 

Good 

45 

K MM 

Acetone 

Analytical1 

20.7 

23.1 

Good 

0 

2-pemanone 

2-hepcanooe 

Technical** 

15.4 

9  8 

23.6 

26.7 
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Good 

0 

0 

t** 

Isopentyl  ether 

mm 

2.82 
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Sf 

Ui—nr  an* 

Propionic  acid 

Certified* 

3.30 

26.7 

Poor 

0 

Butyric  acid 

2.97 

26.5 

Poor 

00 

Benzaldehyde 

Reagent** 

17.8 
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Good 

6 

Water 

Distilled 

7sT 

72.75 

Flotation 
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ionosphere.  The  mixture  was  shaken  lightly  by  hand  and  diluted 
to  convenient  concentrations  for  particle  size  measurements. 

b. )  Ultrasonic  Agitation:  By  subjecting  the  powder  suspension 
to  an  ultrasonic  probe,  agglomerates  were  broken  down,  allowing 
the  powder  to  be  fully  wetted  and  dispersed  in  the  liquid.  Powder 
was  mixed  with  /i -propanol  in  the  manner  just  described.  The 
suspension  (23  cm')  was  subsequently  subjected  to  in  ultrasonic 
probe’  equipped  with  a  1.27 -cm  diameter  disruptor  horn  for 
-3  min:  input  power  was  130  watts.  The  suspension  was  cooled 
with  an  n-propanol/dry  ice  mixture  while  being  agitated. 

c. )  Centrifugation:  After  mixing  silicon  powder  (0.3  g)  and 
n  -propanol  (13  cm3),  the  suspension  was  subjected  to  the  ultra¬ 
sonic  probe  for  3  min.  Samples  were  centrifuged  at  12  000  rpm  for 
10  min  to  remove  large  agglomerates,  which  comprised  approxi¬ 
mately  one  half  the  mass  of  the  initial  powder.  After  this  treatment, 
the  equivalent  spherical  diameter  of  the  largest  agglomerates 
remaining  in  suspension  is  260  tun  based  on  Stokes'  settling 
velocity.  This  supernatant  waa  recentnfuged  at  17  000  rpm  for 
2  h.  The  supernatant  of  the  second  centrifugation  contained  very 
little  powder,  yet  enough  remained  suspended  to  impart  a  tan 
color  to  the  supernatant. 

Anatyt*  Ttcfinquts 

The  state  of  agglomeration  of  silicon  powder  in  n  -propanol  was 
determined  using  three  analytical  techniques. 

a.)  TEM:  Specimens  were  prepared  by  dipping  carbon- 
deposited  TEM  grids  in  suspensions  of  approximately  1  *  10'* 
mol  Si/L.  Excess  suspension  was  removed  by  drawing  liquid 
off  with  the  edge  of  an  absorbent  paper.  Since  agglomerates  were 
found  to  be  separated  on  the  grid  by  several  hundred  diameters, 
agglomeration  during  drying  is  not  deemed  important. 

b>  Laser-Doppier  Particle  Size  Analysis':  This  technique 
yields  the  equivalent  particle  diameter  owing  to  Brownian  r,*xion. 
The  width  of  the  size  distribution  is  indicated  qualitatively  by  the 
dispersion  factor,  ranging  on  a  Kale  from  I  to  10  for  narrow  and 
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wide  distributions,  respectively. 

c.)  Light  Scattering:  Dissymmetry  measurements  were  taken 
with  a  universal  light-scattering  photometer1  at  a  wavelength 
A.«546  nm  to  estimate  the  agglomerate  size.'0  Accurate  values 
can  be  obtained  only  for  dissymmetry  values  less  chan  -2.0. 
corresponding  to  an  avenge  size  of  —200  nm:  thus,  the  technique 
was  useful  only  for  the  smallest  agglomerates  described  in  the  next 
section.  The  intensity  of  light  scattered  by  suspensions  containing 
agglomerates  whose  sizes  were  approximately  0.1  A.  (i.e. . 
— 55  nm)  exhibited  a  distinct  angular  dependence  typical  of 
Rayleigh  scattering 

R—uits  and  Diacusaion 

Ottoman  Thar 

Three  types  of  dispersion  behavior  were  observed  and  are  sum¬ 
marized  in  the  fifth  column  of  Table  I  and  in  Fig.  1 . 

1)  Good  Dispersion:  Most  of  the  particles  were  well  dispersed, 
even  after  several  days.  This  phenomenon  was  observed  for  liquids 
such  as  aliphatic  alcohols,  ketones,  benzyl  alcohol,  and 
benzaldehyde.  Each  solvent  in  this  group  has  a  high  dielectric 
constant. 

2)  Poor  Dispersion:  Most  of  the  panicles  sealed  out  of  the 
suspension  within  one  hour  after  preparation.  This  phenomenon 
was  observed  for  liquids  such  as  n -hexane,  cyclohexane,  n  -octane, 
benzene,  toluene,  xylene,  isopentyl  ether,  and  propionic  and 
butyric  acids,  each  of  which  has  a  low  dielectnc  constant. 

3)  Panicle  Flotation:  All  silicon  powder  remained  on  the  liquid 
surface  and  particles  could  not  be  incorporated  into  the  liquid,  even 
after  vigorous  agitation.  This  phenomenon  was  observed  only  for 
water.  Interestingly,  in  a  separate  expen  mem  in  which  the  powder 
was  exposed  to  air  for  several  hours  prior  to  mixing  with  liquid,  it 
was  easily  wetted  by  water. 

Although  the  tests  suggest  that  each  of  the  liquids  designated  as 
giving  good  dispersion  in  Table  I  and  Fig.  1  should  prove  adequate 
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for  casting  silicon  powder,  some  appear  to  be  realistically  less 
desirable  than  others.  Methanol  and  acetone  are  quite  volatile, 
whereas  butanol,  hepcanol.  octanol.  benzyl  alcohol,  and  ethylene 
glycol  may  be  difficult  to  remove  from  the  powder  due  to  their  high 
viscosities.  BcnzaJdshyde.  on  the  other  hand,  is  chemically  unsta¬ 
ble.’  Thus,  n  •propanol  was  chosen  for  subsequent  experiments 
since  u  has  generally  acceptable  physical  properties  and  represents 
the  remaining  candidate  liquids  which  gave  good  dispersions. 

Contact  Angie  Measurements 

Measured  contact  angles  are  also  given  in  Tabic  I.  Zero-degree 
contact  angles  were  found  for  liquids  with  surface  tensions  less 
than  30  itiN-m*'.  while  nonzero  values  were  measured  for  higher 
surface  tension  liquids  such  as  benzyl  alcohol,  ethylene  glycol, 
benzaldehyde.  and  water. 

The  contact  angle  repotted  here  for  water  on  silicon  (78*)  is  less 
than  those  measured  by  Williams  and  Goodman’  (83-88*)  using 
the  bubble  method  for  pure  water  and  an  HF  solution.  Although  the 
most  likely  cause  for  the  discrepancy  is  a  difference  in  purity,  the 
smaller  contact  angle  in  our  study  may  result  from  the  drop-size 
effect  discussed  recently  by  Neumann  and  Good*  which  is  due 
ultimately  to  surface  heterogeneity  or  roughness.  Another  expla¬ 
nation  for  the  discrepancy  in  A.  can  be  understood  by  considering 
minute  levels  of  oxidation.  Using  the  contact  angles  and  oxide 
thicknesses  repotted  by  Williams  and  Goodman.’  our  value  of  78* 
suggests  (he  existence  of  an  oxide  layer  ~0.25  nm  thick.  Although 
the  atmosphere  in  our  experiments  is  controlled  to  less  than  I  ppm 
oxygen,  such  an  oxidic  monolayer  is  possible. 

The  correlation  between  measured  contact  angles  and  reported 
surface  tensions  (yiv)  follow  from 

cot  A»*(ysv~7!n.)/ Tlv 


for  which  yu..  >*v.  and  yev  refer  to  the  excess  energies  of  the 
solid-liquid,  soiid-vapor.  and  liquid-vapor  interracial  regions 
Since  the  term  (y*v-y«J  is  essentially  the  same  for  most  of  the 
organic  liquids  studied"  and  in  view  of  the  nonpolar  character  of 
silicon,  a  0*  contact  angle  for  essentially  nonpolar  liquids  such  as 
hydrocarbons,  aliphatic  alcohols,  ketones,  and  propionic  acid  is 
anticipated,  whereas  for  water,  a  highly  polar  solvent,  non  wetting 
behavior  toward  Si-powder  is  not  surprising. 

Aggtomerason  fvduNor 

Table  (I  contains  results  of  size  analyses  for  Si-agglomerates 
suspended  inn -propanol.  Of  the  three  preparative  techniques  used, 
only  centrifugal  separation  was  capable  of  producing  suspensions 
which  were  essentially  fore  of  agglomerates.  The  ultimate  particle 
size  range.  50  to  55  nm.  is  confirmed  by  the  three  techniques  and 
agrees  well  with  the  equivalent  spherical  diameter  determined 
using  BET  gas  artaorption. 

The  parades  in  n  -propanol  suspensions  which  were  prepared  by 
band  mixing  or  with  ultrasonic  agnation  retain  the  chain-like  struc¬ 
tures  characteristic  of  the  "as-synthesized"  powders.*  Apparently, 
three  parbcuiaK  structures  comprise  the  agglomerates  because  data 
in  Ibbte  Q  from  Laser- Doppler  analysis  agree  approximately  wuh 
three  from  TEM  analysis.  The  most  important  result  is  that  inter- 
particle  bonds  within  chain-like  structures  can  be  broken  using 
a -propanol  as  a  dispersing  medium.  The  data  indicate  that 
the  agglomerates  are  reduced  in  size  when  suspensions  are  sub¬ 
jected  to  the  ultrasonic  probe  and  that  the  First  centrifugal 
separation  leaves  a  large  fraction  of  the  mass  suspended  as  single 
parades  or  small  agglomerates  containing  fewer  than  four  or  five 
primary  parades. 

Fracture  surfaces  of  pellets  cast  from  an  * -propanol  suspension 
during  the  second  centrifugal  separation  process  described  earlier 
were  examined  as  a  qualitative  measure  of  the  dispersion  (Fig.  2). 
Uniform,  defect-free  castings  were  taken  as  an  indication  chat  the 
powders  were  dispersed  well  and  were  largely  free  of  agglomer¬ 
ates  The  almost  cleavage-like  fracture  surfaces  were  flatter  than 
observed  for  dry-pressed  pellets.*  suggesting  a  greater  uniformity 
in  the  former.  The  cast  pellet  did  not  exhibit  relic'  structures 
attributable  to  agglomerates.  Void  diameters  were  on  the  order  of 
a  panicle  size.  In  contrast,  the  pressed  pieces*  exhibit  2-  to  5-/um 
voids  which  probably  result  from  agglomerates.  This  result  indi¬ 
cates  further  that  agglomerates  were  removed  centnfu gaily  prior  to 
casting  since  corresponding  voids  are  not  observed  in  the  cast 
pellet.  The  green  density  was  typically  in  die  range  45-50%  of  the 
theoretical  value.  Cast  pellets  did  not  exhibit  long  range  micro- 
structural  features,  for  example,  those  which  typically  result  from 
stratification  occurring  during  settling.  The  results  of  these  pre¬ 
liminary  casting  experiments  also  indicate  that  this  silicon  powder 
can  be  dispersed  well. 

Conclusions  end  Sunvnsty 

The  results  of  the  dispersion  tests,  summarized  in  Fig.  1 .  empha¬ 
size  the  effects  of  surface  tension  and  dielectric  constant.  Based  on 
the  contact  angles  and  this  surface  tension-vs-dieiectnc  constant 
profile,  wetting  and  dispersion  properties  of  silicon  are  as  follows: 

a.)  Liquids  having  high  surface  tensions.  >30  mN-nT'.  exhibit 
nonzero  contact  angles.  Examples  are  benzaldehyde.  ethylene  gly¬ 
col.  and  benzyl  alcohol.  Although  powder  was  incorporated  into 
these  three  liquids  which  belong  to  Group  A  (Fig  U.  it  seems  that 
the  agglomerates  are  either  partially  wetted  by  these  solvents  and 
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that  other  factors  such  as  van  der  Waals  dispersion  forces  are 
insufficient  to  induce  agglomeration.  The  effects  of  the  latter  are 
in  detail  elsewhere";  nevertheless,  these  solvents  seem 
unfavorable  as  “best”  dispersing  media  for  silicon  powder. 

b. )  Powders  could  not  be  dispersed  well  in  liquids  having  a 
dielectric  constant  less  than  —5.  Examples  are  aliphatic  hydro¬ 
carbons.  members  of  the  benzene  group,  isopentyl  ether,  and  acids. 

This  phenomenon  appears  to  be  independent  of  surface  tension 
and  the  behavior  is  in  accord  with  the  concept  that  the  powder's 
tendency  to  remain  agglomerated  is  directly  related  to  the  silicon- 
solvent  interfacial  free  energy  and  is  not  strongly  dependent  on  the 
liquid's  surface  tension.  Particulate  cohesion,  rather  than  complete 
wetting  and  dispersion,  occurs  in  these  liquids.  This  can  be  under¬ 
stood  in  terms  of  the  low  dielectric  constant  and  the  nonpolar 
nature  of  these  liquids. "  It  is  anticipated  that  silicon-solvent  inter¬ 
actions  are  weak  for  liquids  with  very  low  dielectric  constants. 
These  interactions  should  increase  with  increased  polarity  or  di¬ 
electric  constant.  This  trend  was  observed:  see  the  next  section 
and  Ref.  1 1  for  details. 

c. )  Liquids  having  high  dielectric  constants  seem  ideal  dis¬ 
persing  media.  However,  the  liquid  surface  tension  should  be  low 
enough  to  ensure  that  the  powder  agglomerates  are  immersed  in  the 
liquid  and  (hat  the  liquid  fully  penetrates  the  agglomerates  and 
breaks  them  down. 

In  summary,  by  using  a  simple  dispersion  test  and  by  controlling 
the  atmospheric  composition,  it  wes  found  that  ail  classes  of  or¬ 
ganic  liquids  which  were  tested  incorporate  this  Si  powder  and  that 
water  does  not.  Although  the  organic  liquids  incorporate  the  pow¬ 
der.  three  of  them  (viz.,  benzyl  alcohol,  ethylene  glycol,  and 
benzaldehyde)  exhibited  a  nonzero  degree  contact  angle  on  a  single 
crystalline  Si-wafer  Thus,  it  appears  that,  while  a  0*  contact  angle 
is  not  necessary  to  incorporate  the  powder  into  a  given  liquid,  a  low 
4,-value  is  desirable.  Since  the  stability  of  these  suspensions  relates 
to  the  solvent  s  dielectric  constant  and  polar  nature,  liquids  which 
have  a  high  dielectric  constant  formed  (he  most  stable  suspensions. 

It  is  noteworthy  that  for  both  good  and  poor  dispersants  (Table  1). 

(he  dispersibility  of  Si  powder  was  not  sensitive  to  the  solvent's 
chemical  nature,  e  g  .  acids  vs  alcohols,  except  as  generally  reflec¬ 
ted  by  die  dielectric  constant.  Data  in  Table  11  demonstrate  that 
even  suspensions  prepared  with  a  good  dispersing  medium  contain 
agglomerates  that  could  be  broken  down  by  ultrasonic  agitation  or 
removed  by  centnftifanoft  44 
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ABSTRACT 

Thirty-two  pure  solvents  were  used  to  disperse  laser-synthesized 
SiC  powder,  oxidized  laser-synthesized  SiC  powder,  and  commercially 
available  SiC  powder.  Five  day  sedimentation  tests  were  used  to 
screen  the  solvents  with  relative  turbidity  of  the  supernatant  as  a 
quantitative  measure  if  the  degree  of  dispersion.  Coagulation 
kinetics  were  measured  by  Photon  Correlation  Spectroscopy  to  determine 
the  coagulation  rate.  Stabilized  powders  were  centrifugally  cast  into 
ceramic  green  bodies  and  their  green  densities  measured.  Experimental 
dispersion  results  were  correlated  with  various  solvent  properties 
including  dielectric  constant,  hydrogen  bond  index,  pH  and  Lewis 
acid/base  interaction  energy.  To  determine  the  Lewis  interaction 
energy  parameters  for  the  powder  surfaces,  microcalorimetry  was  used 
to  measure  the  heat  of  wetting  of  the  powders  in  various  acidic  and 
basic  solvents. 

Oxidized  SiC  powder,  either  laser  or  commercial,  was  shown  to  have 
an  acidic  surface  and  was  stabilized  by  basic  solvents.  Pure  laser- 
synthesized  SiC  powder  was  shown  to  have  a  basic  surface  and  was 
stabilized  by  acidic  solvents.  Solvents  with  high  hydrogen  bond 
indices  also  gave  high  packing  densities.  Other  solvent  properties 
had  a  much  smaller  influence  on  powder  dispersibility.  Good 
dispersibility  gave  ceramic  green  bodies  with  high  green  density. 
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I .  INTRODUCTION 

A  stable  powder  dispersion  is  necessary  to  produce  uniform,  dense 
ceramic  green  bodies.  Two  types  of  dispersion  systems  may  be  used: 
pure  solvent  systems  and  solvent-dispersant  systems.  Solvent- 
dispersant  systems  are  known  to  be  more  effective  for  dispersing  fine 
powders  than  pure  solvent  systems,  however  dispersants  are  more 
difficult  to  remove  from  the  green  body  during  binder  burn-out. 

Because  the  dispersion  characteristics  of  powders  are  strongly 
dependent  upon  their  surface  characteristics ,  the  extremely  pure 
laser-SiC  powders  are  expected  to  behave  differently  from  commercial 
SiC  powders  with  their  oxidized  surfaces.  The  dispersion 
characteristics  of  pure  silicon  powders  made  from  laser  heated  SiH^ 
were  previously  studied*  .  The  dispersion  stability  of  silicon  powder 
was  found  to  depend  upon  the  dielectric  constant  of  solvents. 

This  paper  examines  the  dispersibility  of  both  pure  SiC  powders 
made  by  laser  synthesis  and  oxidized  SiC  powders  in  pure  solvents 
without  dispersants.  To  develop  a  more  fundamental  understanding  of 
the  solvent  physical  properties  that  are  responsible  for  the 
dispersion  of  a  particular  type  of  powder,  powder  dispersion  was 
correlated  with  the  following  solvent  properties;  dielectric  constant, 
hydrogen  bond  index,  acid  dissociation  constant  (pK  )  and  Lewis 
acid/base  interaction  energy. 


II.  EXPERIMENTAL 


A.  Materials 

Three  types  of  pure  laser  synthesized  SiC  powders  made  under 
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different  condition*,  one  commercial  SiC  powder  (Ibiden  Betarando* 
Ultrafine),  one  coraereial  Si02  powder  (Cabot  Corp.  Hi  Sil  233)  and  an 
oxidized  laser  powder  were  used  in  this  study.  The  powder  synthesis 
conditions  are  given  in  Table  I  and  their  physical  properties  are 
summarized  in  Table  II.  The  oxidized  laser  SiC  powder  was  prepared  by 
heating  1 aser-SiC  powder  L014  in  air  at  600°C  for  24  hours  after 
breaking  the  soft  agglonerates  with  a  30  minute  exposure  to  a  40  watt 
ultrasonic  probe  with  the  powders  dispersed  in  isopropyl  alcohol.  The 
oxidized  powder  had  approxisately  the  sane  surface  area  (single  point 
BET),  morphology  (TEM)  and  crystal  phase  (XRD)  as  the  pure  laser  SiC 
powder  L014;  the  only  difference  was  the  presence  of  an  oxidized  layer 
r  “he  particle  surfaces  as  aeasured  by  FTIR. 

Commercially  available  grades  of  organic  solvents  were  used  in 
this  study  (Table  III).  These  solvents  represent  commonly  available 
organic  families,  including  Aliphatic  and  aromatic  hydrocarbons, 
chlorides,  ethers,  ketones,  esters,  alcohols,  aldehydes,  carboxylic 
acids,  amines,  and  water.  The  solvents  were  dried  with  a  3A  molecular 
sieve  to  -  30  ppm  H^O  as  measured  by  Karl  Fisher  titration.  Also 
listed  in  Table  III  are  various  properties  of  these  solvents, 
including  dielectric  constant,  Lewis  acid/base  interaction 
parameters (also  known  as  Drago*  E  and  C  values),  hydrogen  bond  index, 
and  pK  values. 

B.  Microcalorimetry  of  Powder  Surfaces 

To  characterize  the  various  SiC  powder  surfaces,  microcalorimetry 

was  used  to  measure  the  heat  of  wetting.  Calorimetry  was  performed 
TM 

using  a  Tronac  450  Isoperbol  Calorimeter.  All  powder  handling 
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techniques  were  anaerobic  (  <70ppm  0^)  and  anhydrous  (  <10ppm  R20) . 
Commercial  Si02  powder  and  oxidized  laser  SiC  powder  were  dried  at 
230*  C  for  24  hrs .  under  high  purity  nitrogen  (i.e.  <10ppm  H;f0  and 
<10ppm  )  and  cooled  before  loading  into  3  al  ampules.  After  drying 
these  powders  were  not  exposed  to  air.  After  the  ampules  were  loaded 
with  a  net  weight  of  powder,  the  ampules  were  capped  and  removed  from 
the  glove  box.  Once  outside  the  glove  box  the  ampules  were  fused 
closed  using  a  butane  torch. 

The  sealed  ampules  were  loaded  into  the  stirring  dewar  of  the 
calorimeter  with  50  ml  of  solvent.  The  vessel  was  purged  with  Ultra- 
high  purity  Argon  (Matheson  Co.)  and  allowed  to  equilibrate  for  8  hrs 
to  stabilize  the  thermistor  baseline  drift.  Then  the  ampule  was 
broken  below  the  liquid  level  by  a  calibrated  solenoid  push  rod 
assembly.  The  reaction  vessel  temperature  increase  was  monitored 
using  a  Thermistor. 

Experimental  heats  of  wetting  for  the  various  solvents  are  given 
in  Table  IV.  Two  solvents,  triethylamine  (TEA)  and  acetone,  are 
bases;  two  solvents,  chloroform  and  antimony  pentachloride,  are  acids 
and  one  solvent,  cyclohexane,  is  neutral.  The  E  and  C  values  and 
other  pertinent  physical  properties  of  these  solvents  are  given  in 
Table  V.  Using  Fowkes '  method',  the  Lewis  acid/base  interaction 
energies  (oHat>)  between  solvents  and  powder  surfaces  were  determined. 
Lewis  acid/base  interaction  energies  are  given  in  Table  VI.  The  heats 
of  wetting  (oH)  were  corrected  for  the  dispersional  interaction  energy 
using  the  heat  of  wetting  for  cyclohexane  which  has  only  dispersional 


interactions  not  acid/base  interactions' ,'  . 
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Based  on  these  Lewis  acid/base  interaction  energies,  Drago  E  and  C 

values  for  the  powder  surfaces  were  deterained  using  Fowkes'  slope 

intercept  plotting  method* .  The  E  and  C  values  for  the  different 

powder  surfaces  are  given  in  Table  VII.  They  show  the  SiO^  and  the 

oxidized  SiC  powder  to  be  acidic  and  the  laser  SIC  powder  to  be  basic. 

The  E.  and  C.  values  measured  for  SiO.  are  similar  to  those  reported 
A  A  2 

by  Fowkes*  (E^  *  4.36(kcal/mole) 1/^2 ,  *  1.06  (kcal/mole) )  . 

These  E  and  C  values  can  be  used  to  predict  the  Lewis  acid/base 
interaction  energy  for  a  powder  surface  and  another  solvent  using 
Drago' s*  four  parameter  theory 


-  “R*b  -  EAEB  -  CACB 


m 


where  the  E  and  C  values  of  the  powder  surface  is  used  for  either  the 
acid  (sub  A)  or  the  base  (sub  B)  and  the  solvent  for  the  other  E  and  C 
values.  (Note:  an  acidic  surface  can  only  have  an  acid/base 
interaction  with  a  basic  solvent  and  vice  versa.) 

C .  Dispersion  Tests 

Sedimentation  tests  were  used  to  determine  the  stability  of  the 

SiC  powders  dispersed  in  the  various  solvents.  Preparation  of 

suspensions  for  sedimentation  tests  was  conducted  under  a  nitrogen 

atmosphere  using  a  glove  box.  After  a  small  amount  of  powder  (10  mg) 

3 

was  mixed  with  the  selected  solvent  (10  cm  ),  the  powder  was  dispersed 
by  subjecting  the  suspension  to  a  40  watt  ultrasonic  probe  for  two 
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minutes.  After  standing  for  5  days,  the  stabilities  of  the 
suspensions  were  evaluated  visually.  Very  good  (VG)  dispersion  showed 
most  particles  wel 1-dispersed .  Solvents  that  gave  good  (G) 
dispersions,  showed  some  particles  well  dispersed  and  poor  (P) 
dispersions  showed  most  particles  to  have  settled  out  after  one  day. 
When  particles  floated  on  top  of  the  solvent  and  could  not  be 
incorporated  into  the  liquid  an  (7)  designation  was  used.  Using  these 
designations,  the  sedimentation  tests  are  shown  in  Table  VIII.  The 
relative  turbidity  of  the  supernatant  also  shown  in  Table  VIII  was 
measured  after  one  month  using  a  Bryce  Pheonix  Photometer.  Higher 
turbidity  corresponds  to  better  dispersion.  Turbidity  experimental 
results  are  summarized  in  Figure  1. 

D.  Coagulation  Kates 

The  coagulation  rates  of  pure  and  oxidized  laser-SiC  L014  powders 

in  selected  solvents  were  measured  by  photon  correlation  spectroscopy 

(PCS).  Three  kinds  of  solvents  with  different  functional  groups, 

propyl  alcohol,  propionic  acid,  and  propylamine,  were  chosen  for  this 

measurement.  The  suspensions  prepared  as  above  were  diluted  to 

optimize  the  powder  concentration  for  the  PCS  measurement.  The  powder 

g  3 

concentration  used  in  this  study  was  7.0  x  10  particles/cm  .  After 
ultrasonic  agitation,  the  mean  particle  sizes  were  measured 
periodically  with  a  Sub-Micron  Particle  Analyzer,  Coulter  Model  N4 . 
This  data  is  shown  in  Figures  2  and  3.  The  coagulation  rate  constants 
given  in  Table  IX  were  calculated  from  the  size  versus  coagulation 
time  data  using  a  technique  described  by  Barringer,  et.  al.*  The 


viscosity  of  propyl  alcohol  and  propionic  acid  used  in  the  Photon 
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Correlation  measurements  were  obtained  from  Weast*  and  that  for 
propylamine  was  estimated  using  Soudre's  method*. 

E.  Centrifugal  Packing 

Suspensions  consisting  of  290  mg  of  SiC  powder  and  9  cm3  of 
solvent  were  centrifugal ly  cast  at  3000  g's  for  2  hours.  The  sediment 
volumes  were  determined  by  measuring  their  heights  on  the  calibrated 
centrifuge  tubes.  After  drying  the  sediments  in  a  nitrogen 
atmosphere,  sediment  weights  were  measured  to  premit  calculation  of 
packing  densities  which  are  given  in  Table  VIZI.  The  microstructures 
of  these  sediments  were  observed  with  a  scanning  electron  microscope 
(SEM) . 

F.  Colloidal  Pressing 

For  the  colloidally  pressed  samples,  290  mg  of  L014  powder  was 
dispersed  in  9  cm3  of  either  hexane  or  octyl  alcohol  solvents.  The 
suspensions  were  placed  in  a  2.54  cm  diameter  press  with  a  permeable 
membrane  on  the  top  die  surface  and  pressed  to  69  MPa  (10,000  psi). 
When  the  solvent  was  completely  removed,  the  pressure  was  released. 

The  disk  was  dried,  and  its  dimensions  measured  so  that  the  green 
packing  density  could  be  calcuated. 

III.  RESULTS  AND  DISCUSSION 

A.  Dispersion  Tests 

The  results  of  sedimentation  tests,  relative  turbidity  of  the 
supernatant,  and  centrifugal  casting  summarized  in  Table  VIII  show 
significant  differences  in  dispersibility  between  pure  laser  SiC 
powder  and  oxidized  laser  SiC  powder  but  not  between  specific  pure 


51 


8 


powder  types.  In  the  ease  of  pure  laser  SIC  powders,  "very  good" 
dispersion  was  observed  only  for  oleic  acid.  "Good"  dispersion  was 
observed  for  the  other  carboxylic  acids  (such  as  propionic  acid  and  n- 
octanoic  acid)  and  high  nolecular  weight  alcohols  (such  as  n-octyl 
alcohol,  ethylene  glycol,  etc).  Oxidized  laser  SiC  powders  dispersed 
very  well  in  many  kinds  of  solvents  such  as  all  alcohols,  propylaaine, 
ethyl  f ornate,  and  octanoic  acid. 

The  relative  turbidity  values  obtained  are  shown  in  Table  VIII. 

For  pure  laser-SiC  powder,  the  solvents  with  carboxylic  acid  groups 
such  as  oleic  acid,  octanoic  acid,  and  propionic  acid  gave  high 
relative  turbidity  corresponding  to  stable  suspensions.  For  oxidized 
laser  SiC  powder  propylamine,  acetone,  ethyl  formate,  and  all  the 
alcohols  gave  high  relative  turbidity  values. 

The  relative  turbidities  for  each  solvent  and  for  both  oxidized 
and  pure  laser  SiC  powders  are  plotted  in  Figure  1.  The  data  points 
are  divided  into  the  four  areas  encircled  with  dashed  lines.  Solvent 
groups  are  concentrated  in  specific  areas.  Carbolylic  acids  such  as 
oleic  acid,  octanoic  acid,  and  propionic  acid  are  concentrated  in  the 
upper  left,  showing  that  these  solvents  dispersed  pure  powder  well  but 
not  oxidized  powder.  Amine  and  alcohol  solvents  are  concentrated  in 
the  lower  right,  showing  that  they  dispersed  oxidized  SiC  powder  well 
but  not  pure  SiC  powder.  While  inert  and  amphoteric  solvents  were 
generally  at  the  origin  or  on  the  diagonal,  indicating  that  the  powder 
surface  did  not  influence  turbidity. 

Comparisons  of  the  relative  turbidity  with  the  hydrogen  bond  index 
and  pk^(acid)  and  pk^(base)  values  showed  a  great  deal  of  scatter 
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without  any  discernible  trends.  The  poor  fit  of  turbidity  with 
respect  to  pk^tacid)  and  pk^fbase)  is  contrary  to  that  observed  by 
Bolger* ,  where  the  arithaatic  difference  of  either  the  isoelectric 
point  (IIP)  and  the  pk^(acid)  or  the  IIP  and  the  pka(base)  pave  a 
parameter  that  correlated  with  powder  dispersion. 

Suspensions  dispersion  was  also  evaluated  in  terms  of  the 
dielectric  constants4  (<)  of  the  solvents  to  see  whether  high  c 
solvents  favored  stable  suspensions  and  low  c  solvents  tended  to  give 
rise  to  flocculation.  No  correlation  was  found  for  pure  SiC  powders, 
e.g.,  propionic  acid  showed  good  dispersion  characteristics  in  spite 
of  its  low  €  .  The  oxidised  powder  gave  results  generally  similar  to 
those  observed  with  silicon  powder1  :  dispersion  stability  generally 
improved  with  the  increasing  dielectric  constant  of  the  solvent,  as 
shown  in  Figure  2 . 

The  comparison  between  dispersibilities  of  pure  laser  SiC  powders 
and  oxidized  laser  SiC  powders  is  shown  in  Table  IX  for  the  families 
of  organic  solvents  studied.  Some  solvent  families,  such  as 
carboxylic  acid,  amine,  etc.,  showed  different  dispersibilities 
depending  upon  the  specific  powder  type  and  member  of  the  solvent 
family.  These  phenomena  may  be  related  to  the  acidity  and  basicity  of 
the  solvents  and  powder  surfaces.  Propylamine  and  low  molecular 
weight  alcohols  act  as  Lewis  bases,  dispersing  oxidized  laser  SiC 
powder  well,  but  not  pure  laser  SiC  powder  in  spite  of  high  hydrogen 
bond  indexes.  In  contrast,  oleic  acid  and  propionic  acid  act  as  Lewis 
acids,  dispersing  pure  laser  SiC  powder  well  but  not  oxidized  laser 
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SiC  powder. 
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S.  Coagulation  Rates 

The  aean  particle  sizes  for  pure  laser-SiC  powder  were  plotted  as 
a  function  of  coagulation  tiae  in  Figure  3.  The  aean  particle  size 
for  propyl  alcohol  and  propylaaine  increased  with  coagulation  tiae, 
but  propionic  acid  showed  alaost  constant  size  within  the  aeasuring 
tiae  of  180  ainutes.  In  contrast  the  oxidized  laser-SiC  powder  showed 
a  different  trend,  as  shown  in  Figure  4.  The  particles  dispersed  in 
propyl  alcohol  or  propylaaine  were  stable,  and  the  particles  dispersed 
in  propionic  acid  coagulated  rapidly.  The  coagulation  rate  constant, 
k,  was  calculated  from  the  slope  of  the  size  versus  tine  curves  shown 
in  Figures  3  and  4.  These  values  are  given  in  Table  X.  Smaller 
values  of  the  coagulation  rate  constant  indicate  aore  stable 
dispersions . 

C.  Centrifugal  Packing 

Packing  densities  of  centrifugal  sediaents  are  given  in  Table  VIII 
for  various  solvents.  Packing  densities  were  directly  related  to  the 
liquid  functional  group  and  the  powder  type.  For  pure  laser  SiC 
powders,  octyl  alcohol  showed  the  highest  packing  densities.  The 
packing  densities  for  oleic  acid,  the  best  solvent  in  the 
sedimentation  test,  were  not  very  high.  A  strong  correlation  between 
centrifugal  packing  densities  and  the  sedimentation  results  was 
observed  for  the  commercial  powder,  which  had  an  oxidized  surface 
layer,  while  some  exceptions  were  observed  for  pure  laser  SIC  powders. 
These  exceptions  may  be  attributed  to  the  relatively  low 
dispersibilities  of  these  particular  pure  laser  SiC  powders.  The 
average  packing  densities  of  the  laser  SIC  powders  increased  in  the 
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following  order:  B038,  B060,  L014.  The  commercial  powder  had  a 
higher  average  packing  density  than  the  laaer  SiC  powders. 

Significant  differences  between  the  centrifugal  sediment  densities 
were  observed  among  the  four  kinds  of  powders,  BOSS,  B060,  L014,  and 
the  commercial  powder .  These  differences  should  be  attributable  to 
powder  characteristics  such  as  particle  size,  particle  size 
distribution,  particle  morphology,  and  aggregation.  Packing  density 
should  be  independent  of  particle  size,  when  the  particles  are  large 
enough  to  neglect  electrostatic  forces,  surface  films,  and  boundary 
effects.  An  increased  width  of  the  particle  size  distribution 
increases  the  packing  density.  High  aspect  ratio  particles  pack  to 
higher  densities  than  spheres  as  a  result  of  orientation.  Spheres  can 
pack  most  uniformly.  Agglomerates  and  aggregates  generally  (but  not 
always)  have  lower  packing  densities  than  individual  particles. 

The  packing  densities  achieved  with  type  L014  powder  were 
consistently  higher  than  those  achieved  with  type  B038  and  B060 
powders.  Although  type  L014  powder  was  approximately  twice  as  large 
as  the  other  two,  it  is  unlikely  that  this  difference  was  responsible 
for  its  improved  packing  density.  All  three  exhibited  nominally  the 
same  dispersibilities.  The  B038  and  B060  powders  consist  of 
aggregated  primary  particles  which  can  be  dispersed  but  not  packed 
well.  The  high  packing  densities  achieved  with  the  commercial  powder 
is  attributable  to  wide  particle  size  distribution  and  morphology. 

Packing  densities  of  centrifugal  sediments  as  a  function  of 
hydrogen  bond  indexes  of  the  solvents  are  shown  in  Figure  5.  Hydrogen 
bond  indexes  were  obtained  from  the  Paint  Technology  Manual*  . 
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Reasonably  good  correlations  were  observed  between  packing  densities 
of  all  powders  and  hydrogen  bond  indices  of  the  solvent.  High 
hydrogen  bond  indices  provided  high  packing  densities.  Good 
correlations  between  the  hydrogen  bond  index  and  sedimentation  results 
were  also  observed  for  the  oxidized  powder.  However,  sedimentation 
results  for  the  pure  powders  and  the  differences  in  dispersibilities 
between  pure  and  oxidized  SiC  powders  could  not  be  interpreted  solely 
with  hydrogen  bond  index. 

Osing  equation  1,  the  Lewis  acid/base  interaction  energy  for  each 
type  of  SiC  powder  was  calculated  for  each  solvent  with  appropriate  E 
and  C  values  listed  in  Table  III.  These  Lewis  acid/base  interactions 
were  correlated  with  the  turbidity  data  listed  in  Table  III  without 
success.  The  correlation  of  packing  density  of  centrifugal  sediments 
with  Lewis  Acid/base  interaction  energies  are  shown  in  Figures  6  and 

7.  For  both  oxidized  SiC  laser  powder  (Figure  6)  and  pure  SiC  laser 
powder  (Figure  7),  the  packing  density  is  generally  high  when  the 
Lewis  acid/base  interaction  energy  is  high.  Some  degree  of  scatter  in 
the  data  is  observed.  This  correlation  between  packing  density  and 
Lewis  acid/base  interaction  energy  suggests  that  acid-base 
interactions  are  one  but  not  the  only  factor  in  dispersion  and  packing 
of  non-oxide  ceramic  powders. 

0.  Characterization  of  Sediment  and  Colloidally  Pressed  Bodies 

The  micrographs  of  the  top  surfaces  of  centrifugal  sediments  from 
suspensions  of  LOU  with  hexane  and  oxtyl  alcohol  are  shown  in  Figure 

8.  These  packing  densities  are  20. 5%  and  33.2%,  respectively.  The 


particles  dispersed  in  octyl  alcohol  are  packed  much  better,  as  shown 
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by  the  smaller  number  of  large  voids  and  loosely  packed  agglomerates. 

Micrographs  of  a  fracture  surface  and  a  side  surface  of  a 
colloidal  pressed  pellet  using  octyl  alcohol  are  shown  in  Figure  9. 

No  voids  larger  than  the  particle  size  are  present,  and  several  areas 
show  ideal  close  packing  of  spheres.  The  packing  density  of  this 
pellet  was  about  62%. 


IV.  CONCLUSIONS 

An  evaluation  of  the  effect  of  solvent  properties  on  pure  and 
oxidized  SIC  powder  dispersibility  and  packing  density  has  been 
performed.  Dielectric  constant,  pH  ,  hydrogen  bond  index  and  Lewis 
acid/base  interaction  energy  did  not  correlate  well  with  powder 
dispersibility.  Packing  density  was  correlated  with  high  hydrogen 
bond  index  and  high  Lewis  acid/base  interaction  energy,  however,  a 
large  amount  of  scatter  was  observed  with  with  both  correlations. 

Heat  of  wetting  studies  showed  that  oxidized  SiC  powders,  either 
laser  or  commercial ,  have  an  acidic  surface  and  were  dispersed  best  by 
basic  solvents.  Pure  laser-synthesized  SiC  powder  was  shown  to  have  a 
basic  surface  and  was  dispersed  best  by  acidic  solvents.  Oleic  acid 
showed  the  best  dispersibility  for  pure  laser  SIC  powder,  however  it 
may  not  be  desirable  for  ceramic  processing  because  it  has  a  high 
viscosity  and  a  high  boiling  point.  Octyl  alcohol  is  the  most 
suitable  pure  solvent  studied  for  both  pure  and  oxidized  SiC  powder. 
Using  colloidal  pressing  with  pure  SiC  powder  and  octyl  alcohol, 
uniform  and  high  density  (~62\)  green  bodies  were  obtained  showing 
that  good  dispersibility  gave  ceramic  green  bodies  with  high  green 
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density. 
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FIGURE  LEGENDS 

Figure  1.  Comparison  of  Relative  Turbidity  of  Pure  and  Oxidized  SiC 
Powder . 

Figure  2.  Relative  Turbidity  versus  Dielectric  Constant  of  Solvent. 

Figure  3.  PCS  Mean  Size  versus  Coagulation  Time  For  Pure  L014  SiC 
Powder . 

Figure  4.  PCS  Mean  Size  versus  Coagulation  Time  For  Oxidized  L014 
SiCPowder . 

Figure  5.  Centrifugal  Packing  Density  versus  Hydrogen  Bond  Index  of 
Solvent . 

Figure  6.  Packing  Density  versus  Lewis  Acid/Base  Interaction  Energy 
of  the  Oxidized  SiC  Powder  With  the  Solvent. 

Figure  7.  Packing  Density  versus  Lewis  Acid/Base  Interaction  Energy 
of  the  Pure  SiC  Powder  With  the  Solvent. 

Figure  8.  SEM  Micrographs  of  Centrifugally  Packed  Sediments  A)  L014 
in  Hexane,  and  B)  L014  in  Octyl  Alcohol. 

Figure  9.  SEM  Micrographs  of  Colloidally  Pressed  Compact  of  L014 
Powder  in  Octyl  Alcohol  A)  Fracture  Surface,  and  B)  Top 
Surface . 
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TABLE  I 


LASER-POWDER  SYNTHESIS  CONDITIONS 


Run  Number 

Carbon 

Reactant 

Laser 

Power  (W) 

Reaction 
Temp  (*C) 

■pm 

Ethylene 

150 

1650 

-  Ml-i  •  ■mSIB1® 

Methane 

150 

1680 

L014 

Methane 

500 

1830 

TABLE  II 

CHARACTERISTICS  OF  POWDERS 


Las 

B038 

er-Pow 

B060 

ders 

L014 

Commercial 

SIC 

■ 

Kill 

nm 

31 

52 

90 

130 

90 

44.9 

44.3 

22.4 

19.4 

23.3 

133 

8 

6 

B 

8 

8 

narrow 

wide 

narrow 

wide 

spherical 

pure 

(  1 

irregular 

spherical 

spherical 

TEM  Particle 
size  (nm) 

Specific 
surface  area 

(n»2/g) 

Phase 

Size 

distribution 

Morphology 

Surface 


TABLE  III 


SOLVENTS  USED  AND  RESULTS  OF  SCREENING  TESTS 


DRAGOc E&C  VALUES 

Hydrogen 
Bond  _ 
Index* 

pKa  6 
(acid) 

pKa  * 
(base) 

SOLVENT 

CA  EA  EB 

(kcal/mole)  1/2 

HYDROCARBONS 

1  hexane 

2.2 

2  toluene 

1.91  0.087 

3.0 

37 

CHLORIDES 

3  methylene  chloride 

0.02  3.40 

2.7 

4  chloroform 

0.150  3.31 

2.2 

5  carbon  tetrachloride 

2.2 

6  1,2-dichloroethane 

2.7 

7  trichloroethylene 

2.5 

8  chlorobenzene 

2.7 

CYANIDE 

9  acetonitrile 

1.34  0.886 

4.5 

25 

-10.1 

ETHERS 

10  isopenthyl  ether 

3.19  1.11 

(6.0) 

11  tetrahydrofuran 

4.27  0.97B 

5.3 

-  2.2 

12  dioxane 

2.38  1.09 

5.7 

-  2.9 

KETONES 

13  acetone 

2.33  0.987 

5.7 

20 

-  7.2 

14  2-butanone 

2.38  1.09 

5.0 

15  2-heptanone 

l 

(5.5) 

ESTERS 

16  ethyl  formate 

5.5 

17  ethyl  acetate 

1.74  0.975 

5.2 

26 

-  6.5 

ALDEHYDE 

18  benzaldehyde 

5.2 

14.9 

-  7.1 

ALCOHOLS 

19  methyl  alcohol 

1.12  0.975 

8.9 

16 

-  2.2 

20  ethyl  alcohol 

0.451  3.88 

8.9 

16 

21  n-propyl  alcohol 

8.9 

22  2-propyl  alcohol 

8.9 

23  2-furfuryl  alcohol 

(8.9) 

-  3.2 

24  benzyl  alcohol 

0.446  4.17 

8.9 

25  n-octyl  alcohol 

8.9 

26  ethylene  glycol 

9.6 

15.1 

AMINE 

27  propylamine 

6.1  1.4 

9.0 

10.7 

CARBOXYLIC  ACID 

28  propionic  acid 

9.5 

4.87 

29  n-octanoic  acid 

9.5 

4.89 

30  oleic  acid 

9.5 

INORGANIC 

31  water 

0.571  1.64 

ft? 

Table  IV 


Measured  Heats  of  Wetting  (-aH  kcal/mole) 


Powder 

S102 

(HI  S11-233) 

SIC 

(1-014) 

OxSIC 

(1-014) 

TEA 

22.0 

22.8 

13.59 

Acetone 

12.09 

10.9 

10.66 

Cyclohexane 

7.97 

9.29 

8.43 

Choloroform 

11.0 

14.7 

9.24 

SbCl  5 

110.8 

31.2 

30.2 
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i 


T«oi«  v. 

Solvent  Properties 


Molecular  Molar  Surface  Surface 
Oenslty  Weight  Area  Energy  Eg  Cg  EA  CA 


Sol  vent 

( g/cm  J ) 

(g/mole) 

<m2/mole 

x  10s)  (ergs/cm*) 

(kcal/mole) 

1/2 

TEA 

0.727 

101.2 

2.267 

22.7 

0.991 

11.09 

— 

— 

Acetone 

0.790 

58.1 

1.482 

23.7 

0.987 

2.33 

— 

— 

Cyclcheane 

0.779 

84.2 

1.927 

25.5 

- 

•  • 

- 

-- 

Chloroform 

1.483 

119  4 

1.S7S 

27.1 

•• 

3.31 

0.15 

SbCl  s 

2.336 

299.0 

2.145 

35.8 

•  • 

.. 

7.38 

5.13 

J 

8 

I 

I 

I 

t 

I 

■ 

J 

I 

I 

I 

I 

8 

8 


Acetone 


Cyclohexane 

Chloroform 


TABLE  VIII 

RESULTS  OF  SCREENING  TESTS  AND  CENTRIFUGAL  CASTING  TESTS 


SOLVENT 


HYDROCARBONS 

1  hexane 

2  toluene 

CHLORIDES 

3  methylene  chloride 

4  chloroform 

5  carbon  tetrachloride 

6  1,2-dichloroethane 

7  trichloroethylene 

8  chlorobenzene 

CYANIDE 

9  acetonitrile 

ETHERS 

10  iaooenthyl  ether 

11  tetrahydrofuran 

12  dioxane 

KETONES 

13  acetone 

14  2-butanone 

15  2-heptanone 

ESTERS 

16  ethyl  formate 

17  ethyl  acetate 

ALDEHYDE 

18  benzaldehyde 

ALCOHOLS 

19  methyl  alcohol 

20  ethyl  alcohol 

21  n-propyl  alcohol 

22  2-propyl  alcohol 

23  2-furfuryl  alcohol 

24  benzyl  alcohol 

25  n-octyl  alcohol 

26  ethylene  glycol 

AMINE 

27  propylamine 

CARBOXYLIC  ACID 

28  propionic  acid 

29  n-octanoic  acid 

30  oleic  acid 

INORGANIC 

31  water 


DISPERSI- 


RELATIVE 


PACXING  DENSITY(1  ) 


BILITY  } 

TURBIDITY  f 

BO  3  8 

B060 

L014 

Comml. 

£2£fll 

UhQI 

p 

p 

0 

0 

11.9 

16.4 

20.5 

28.4 

* 

p 

0 

0 

12.8 

19.5 

23.6 

31.0 

G 

G 

1.9 

1.3 

11.8 

17.2 

23.9 

26.8 

G 

G 

3.6 

0 

14.0 

17.0 

26.8 

29.0 

P 

P 

0 

0 

11.3 

16.7 

25.9 

26.9 

G 

G 

3.6 

0 

14.0 

19.8 

25.6 

29.4 

P  ! 

P 

0 

0 

12.8 

17.7 

25.9 

27.7 

P  1 

P 

0 

0 

13.9 

18.7 

26.2 

30.9 

G  ! 

G 

3.0 

3.5 

11.1 

15.8 

25.1 

34.8 

i 

G  | 

P 

0 

0 

25.5 

29.0 

34.4 

G 

G 

3.6 

1.3 

13.6 

21.8 

34.1 

P 

1 

P 

0 

0 

16.1 

25.8 

28.7 

36.7 

i 

G  1 

G 

3.6 

3.7 

14.7 

18.3 

26.8 

38.0 

G  ! 

G 

0 

3.4 

15.5 

20.7 

26.2 

34.9 

P 

G 

0 

2.7 

- 

22.2 

27.5 

36.9 

P 

VG 

0 

3.5 

12.2 

22.3 

33.0 

G 

G 

3.6 

3.5 

15.0 

22.3 

26.4 

34.6 

p 

VG 

0 

2.2 

26.5 

29.5 

39.1 

p 

1 

j  VG 

0 

2.3 

16.2 

24.3 

25.0 

37.6 

p 

VG 

0 

3.2 

16.1 

25.2 

27.7 

37.8 

p 

VG 

0 

2.9 

16.2 

25.1 

27.0 

37.4 

p 

VG 

0 

3.3 

16.3 

25.6 

30.2 

38.6 

p 

VG 

- 

28.9 

38.8 

p 

VG 

0 

3.3 

- 

25.1 

31.2 

41.5 

G 

VG 

0 

1.6 

- 

26.4 

32.4 

38.4 

G 

VG 

3.3 

3.5 

• 

15.4 

22.8 

39.0 

P 

VG 

0 

4.2 

12.7 

21.8 

28.3 

40.2 

G 

P 

3.4 

0 

21.0 

27.4 

35.9 

G 

G 

2.5 

0 

- 

22.7 

29.7 

39.9 

VG 

G 

3.8 

0 

22.3 

25.7 

32.4 

F 

G 

11.0 

16.5 

20.3 

36.8 

P :  poor  dispersion 
G:  good  dispersion 


VG:  very  good  dispersion 
P:  flotation 


67 


DISPERSIBILITY  FOR  PURE  POWDER 


TABLE  IX 

COMPARISON  OF  DISPERSIBILITY 
BETWEEN  PURE  LASER-POWDER  AND  OXIDIZED  LASER-POWDER 


DISPERSIBILITY  FOR  OXIDIZED  POWDERS 

Poor 

Good 

Very  Good 

Hydrocarbons 

Ketone 

Amine 

Poor 

Chlorides 

Low-alcohols 

K 

U 

Ether 

Ester 

i 

Aldehyde 

fd 

ec 

Ether 

Ketones 

High-alcohols 

o 

a 

K 

2 

>« 

h 

M 

Good 

Carboxylic 

acid 

Ester 

Ether 

Nitrile 

Chlorides 

M 

m 

M 

(A 

Carboxylic 

acid 

S 

u 

a 

w 

M 

a 

Very  Good 

Carboxylic 

acid 
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TABLE  X 

Coagulation  Rate  Constant,  K  (cm^/sec) 


Solvent 

Pure  Powder 

Oxidized  Powder 

2-propyl 

alcohol 

1.23E-11 

1.37E-12 

propionic 

acid 

7.41E-14 

1.37E-11 

2-propyl 

amine 

3.38E-12 

5.15E-14 

RELATIVE  TUMZOm  FOR  OXIDIZED  POWDER 


Fig.  1  Comparison  of  JUlativa  Turbidity  of  Purs  and  Oxidizad  Powdsr 


DIILECTF.IC  CCUSTAKT  OF  SOLVENT 
FwfVSSK  -  CvSOlZSS  FOWCES 

lativs  Turbidity  as  a  Function  of  Dialactrie  Constant 


Solvanes 


2 -propyl  alcohol 


f  ■  i  "i  i  i  i  i  i  i  i  i  i  i  j  i 

S3  40  <o  ao  too  iso  1 40  i 

THU  (  ainuta  ) 


Fig.  3  Particle  Size  versus  Coagulation 
Tine  for  Pure  SiC  Powder 


PARTICLE  SIZE  ( 


!•! 


Figure  8.  SEM  Micrographs  of  Centrifugally  Packed  Sediments  A)  L014  in 
Hexane ,  and  B)  L014  in  Octyl  Alcohol . 


c 


Figure  9.  SEM  Micrographs  of  Colloidally  Pressed  Compact  of  L014  Powder 
in  Octyl  Alcohol  A)  Fracture  Surface,  and  B)  Top  Surface. 
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Drying  of  Silicon  Powder  Compacts 

DANIEL  CASTRO.  TERRY  A.  RING.*  *  and  JOHN  S.  HAGGERTY* 

MassacnuMits  institute  of  T*cnnotogy,  Camonage.  MA  02139 


Laser-synthesised  silicon  powder  with  cm  average  site  of 
028  tun  was  colloidally  pressed  into  disks  127  cm  in 
diameter  using  various  solvents.  Thermogravimetnc  analysis. 
(TCA)  was  performed  during  the  solvent  removal  at  various 
temperatures.  Two  types  of  weight  loss  were  observed:  one 
proportional  to  time,  t.  indicating  that  external  mass  transfer 
is  the  rate-limiting  step,  and  the  other  proportional  to  t/c. 
indicating  that  pore  diffusion  is  the  rate-determining  step. 
After  losing  >99%  of  the  solvent  weight,  samples  were 
examined  by  Fourier  transform  ir  spectroscopy  to  determine 
the  amount  of  solvent  that  remained  adsorbed  on  the  surface 
of  the  silicon  powder  as  a  function  of  time  for  various 
temperatures.  Temperatures  much  higher  than  the  boiling 
points  of  the  solvents  are  required  to  completely  dry  the 
silicon  compacts. 


Controlling  the  drying  process  of  powder  compacts  is  important 
'“'in  ceramics  processing,  soil  science,  and  powder  metallurgy. 
Macy1  discussed  both  the  shrinking  of  clay  green  bodies  during 
drying  and  the  internal  mechanism  of  water  migration  during  dry¬ 
ing.  Packard1  discussed  moisture  stress  in  clay  green  bodies  during 
drying.  Cooper1  developed  a  quantitative  theory  of  cracking  during 
the  drying  of  clay  green  bodies  using  an  analogy  based  on  thermal 
gradients  m  giass  objects. 

This  study  examines  the  drying  rate  of  silicon  powder  com¬ 
pacts  which  were  colloidally  pressed  at  68.9  MPa  (10000  psi). 
Thermogravimetnc  analysis  (TCA)  was  used  to  measure  the  sol¬ 
vent  weight  loss  of  the  silicon  powder  compacts.  Fourier  transform 
infrared  spectroscopy  (FTIR)  was  used  to  follow  the  loss  of  the 
solvent  remaining  on  the  powder  surface  after  drying  at  J0*C  for 
48  h.  The  silicon  powders  used  in  this  study  were  mtnded  after 
drying  to  form  reaction-bonded  Si*N*  (RBSN).  Maximum  permis¬ 
sible  firing  rates  and  minding  kinetics  were  found  to  depend  on 
complete  removal  of  solvent  from  the  silicon  powder  compacts. 
Nitriding  results  will  not  be  discussed  in  this  paper.  In  a  general 
sense,  these  drying  results  obtained  apply  to  all  ceramic  green 
bodies  made  from  powder  having  a  small  diameter  and  high  sur¬ 
face  area. 


filters  and  moved  to  a  glove  box  under  argon  atmosphere.  Because 
of  the  argon-hydrogen  atmosphere  in  which  the  silicon  powder  was 
made,  it  had  an  Si-H  surface,  as  observed  by  FTIR7;  the  silicon 
powder  is  shown  in  Fig.  1.  Image  analysis  of  several  hundred 
particles  on  several  transmission  electron  microscopy  (TEM)  mi¬ 
crographs  like  that  in  Fig.  1  gave  a  log-normal  size  distribunon 
with  a  geometric  mass  mean  size  of  280.0  nm  and  a  geometric 
standard  deviation  of  1.7.  Some  agglomeranon  of  the  parades  is 
observed  in  Fig.  1. 

In  a  glove  box.  the  silicon  powder  was  mixed  with  solvent  to 
form  a  1%  solids  suspension.  Reagent-grade  octanol.  methanol, 
and  acetonitrile  were  used  as  solvents  without  further  purification. 
No  dispersants  were  used  to  prepare  suspensions.  Various  amounts 
of  this  suspension  were  placed  in  a  colloid  press  1 .27  cm  in  di¬ 
ameter  and  pressed  at  68.9  MPa  (10000  psi)  for  5  mm  to  remove 
most  of  the  solvent.  Two  thicknesses  were  produced:  4  and  2  mm. 
The  packing  density,  based  on  the  weight  of  silicon  powder  used 
and  the  dimensions  of  the  sample,  was  68%  and  did  not  change 
significantly  during  drying.  Mercury  porosimetry  could  not  be 
used  to  measure  the  pore  size  distribution  because  of  the  friability 
of  the  dried  compact.  After  the  pellet  samples  were  pressed,  they 
were  placed  in  a  desiccator  in  an  atmosphere  saturated  with  the 
solvent,  and  TCA  measurements  were  taken.' 

The  pellet  samples  were  placed  on  the  platform  and  the  fur¬ 
nace.  already  up  to  temperature,  was  quickly  placed  over  the 
sample  with  the  N-  flowing  at  predetermined  rates.  Three  solvents, 
two  sample  thicknesses,  and  three  gas  veiociues  were  used  to 
separate  the  effects  of  boundary-layer  thickness,  vapor  pressure, 
and  pore  diffusion.  These  samples  were  placed  directly  on  a  pre¬ 
heated  pedestal  with  good  thermal  contact  to  avoid  heat  transfer 
through  the  boundary  layer  as  one  possible  heat  transfer  mech¬ 
anism.  The  pedestal  also  prevented  vapor  losses  from  the  bottom 
surface  of  the  pellets,  simplifying  the  theoretical  analysis  to  a 
one -dimensional  model  (assuming  negligible  vapor  loss  through 
the  sidesi. 

Methanol-  and  acetonitrile-dispersed  samples  were  dried  at 
30*C  for  48  h  and  examined  using  a  Fourier  transform  infrared 
spectrometer. 7  The  pellet  samples  were  placed  in  a  heated  ir  reflec¬ 
tance  ceil,  which  was  maintained  at  a  constant  temperature  up  to 
300°C  in  N-  and  scanned  periodically  for  up  to  5  h. 


EXPERIMENTAL  PROCEDURE 

The  silicon  powder  used  in  this  study  was  synthesized  as  an 
aerosol  from  silane  using  a  CO-  laser  to  initiate  and  sustain  the 
decomposition  reaction.**4  The  silicon  aerosol  was  collected  on 
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Fig.  1.  Transmission  electron  micrograph  of 
laser-synthesized  silicon  powaer  (bar  ■  i  itmi 
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fig.  2.  Log-log  plot  of  weight  low  viaan  for  fig.  3.  Log-log  plot  of  weight  low  vs  daw  tot  Fig.  4.  Log -log  plot  of  weight  low  vs  daw  tot 

I-mrn  octanoi  si opto  dried  at  200*C  with  a-mm  methanol  sample  dried  at  80*C  with  2-ma  acetonitrile  staple  dried  at  27*C  with 

0.1  ea/s  Ni  velocity.  1.3  cm/s  Ni  velocity.  *0  cm/s  Nj  velocity. 


EXPERIMENTAL  RESULTS 

Figure  2  shows  the  weight  loss  plotted  oa  t  log-log  scale  of 
a  2-tnm-chick  octanoi  sample  dried  at  200*C  in  N,  flowing  at  a 
velocity  of  0.1  cm/s.  For  most  of  the  weight  loss  (i.e.  0  to  90%). 
a  single  line  is  followed  which  has  a  slope  of  doe.  Above  90%.  an 
asymptotic  weight  loss  is  observed.  Figure  3  shows  the  weight  loss 
plotted  on  a  log-log  scale  of  a  4- mm -duck  methanol  sample  dried 
at  80*C  in  Ni  flowing  at  a  velocity  of  1.3  cm/s.  A  linear  weight 
loss  with  a  slope  of  0.6  is  observed  with  this  sample  from  0%  to 
99%.  Figure  4  shows  the  weight  loss  plotted  on  a  log-log  scale  of 
a  2-mm-thick  acetonitrile  sample  dried  at  27*C  in  nearly  stagnant 
Nv  For  most  of  the  weight  loss  (i.e.  0  to  90%).  a  single  line  is 
followed  which  has  a  slope  of  one.  Above  90%.  an  asymptotic 
weight  loss  is  observed. 

Figure  5  shows  examples  of  the  FTIR  spectra  for  an  acetoni¬ 
trile  sample  as  a  function  of  heating  dme  at  300*C.  The  unheated 
sample  revealed  peaks  at  3850.  2923.  *2100.  and  1100  cm*' 
(not  shown)  wave  numbers.  The  peak  at  3850  cm corresponds  to 
O-H.'  and  the  UOO-cm"  peak  corresponds  to  either  Si-O  or 
C-0";  both  increase  in  intensity  as  time  at  temperature  increases. 
The  2100-cm"  peak  corresponds  to  Si-H*;  it  shifts  to  a  higher 
frequency  by  ISO  cm"  wave  numbers  as  the  1100  cm*1  peak 
increases  in  intensity.  Oxidation  of  the  Si-H  species  will  alter  the 
frequency  at  which  that  bond  stretches.*  As  the  Si-H  peak  shifts, 
a  new  peak  appears  m  the  3850  cm*'  region,  which  corresponds 
to  O-H.'  The  peak  is  as  sharp  as  that  of  the  Si-O-H  peak  on  silica 
gel  and  suggests  hydrolysis  of  the  silicon  powder  during  heating. 
The  peak  at  2925  cm"' .  corresponding  to  C-H.  decreases  as  time 


3600  3130  2700  2230 

Wovtnurrtoer  (cm-') 

Fig.  3.  Fourier  transform  ir  spectrum  of  acetonitrile  sam¬ 
ple  Cried  at  300*C  tor  A.  0  raw.  B.  I  h.  and  C.  2  h. 
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at  temperature  increases.  This  peak  height  was  used  with  the 
Kubeika-Munk1®  equation  to  determine  the  concentration  of  the 
solvent  (either  the  methanol  or  acetonitrile)  as  tune  at  temperature 
increased.  Figure  6  shows  this  solvent  concentration  in  a  pellet 
dried  48  h  at  5Q*C  in  Nj  as  a  function  of  time  at  various  tem¬ 
peratures.  In  all  cases,  the  concentration  of  the  solvent  in  the 
sample  decreases  with  tune  at  temperature. 

DISCUSSION 

For  evaporation  to  take  place  from  the  top  surface  of  a  pressed 
ceramic  pellet,  the  evaporated  liquid  must  diffuse  through  both  the 
porous  network  and  the  gas  boundary  layer  to  reach  the  bulk  gas. 
as  shown  in  the  schematic  diagram  in  Fig.  7.  The  nomenclature  to 
be  used  in  the  analysis  of  this  problem  is  incorporated  into  Fig.  7 
and  described  in  detail  in  the  Appendix  of  this  paper.  The  mass 
transfer  flux  resulting  from  the  partial  pressure  profile  shown  tn 
fig.  7(B)  is  given  by" 

J  -  (1  /Kr  -  xlD.r'iPVRT'  -  P*/RT*)  (I) 

where  AT,  is  the  mass  transfer  coefficient  for  mass  transfer  in 
the  boundary  layer  and  0,  is  the  effective  diffusion  coefficient 
for  vapor  molecules  in  the  porous  network  of  a  void  fraction.  «. 
given  by 

D,  -  (1/0,  -v  1  /Dr't/f  (2) 

where  0,  is  the  Knudsen12  diffusion  coefficient.  0  the  molecular 
diffusion  coefficient  for  vapor  molecules  througn  a  stagnant  drying 
gas.  and  f  the  tortuosity  of  the  porous  network  (typically. 

f  *  2.0). 


1.0b.:-": - : — 

R\  200*C, A 

i  “I* - 

1 0.6 


"  ~ .  200«C.M 

— -o 


i**  K 


m.M 


230*C,A 


0.2-  - 
300*C.m'"o— - -o 

o< - - - ; - - - ; - - - 

0  30  too  (30  200  250  300 

Time  (minutes) 


Fig.  6.  Relative  solvent  concentration  vs  time  at  vari¬ 
ous  temperatures.  (A  •  acetonitrile;  M  ■  methanol) 


FI*.  7.  Schematic  diagram  of  evaporation  in 
a  porous  nerworfc  (A)  geometry  of  pore  and 
boundary  layer  (B)  liquid  partial  pressure  pro¬ 
file.  and  (C)  temperature  profile. 


The  partial  pressure  of  the  liquid  at  the  surface.  Pi.  vanes  as 
a  function  of  temperature  according  to  the  Qausius-Oapeyron11 
equation 


Pi 


■  P„  exp, 


(3) 


where  is  the  enthalpy  of  vaporization  and  Pt  is  the  vapor 
pressure  at  T„.  Usually  T0  is  the  normal  boiling  point,  and  P9  is  one 
atmosphere. 

The  mass  transfer  flux.  J.  (with  units  of  moles  per  area  per 
unit  ume)  must  be  equivalent  to  the  flux  of  molecules  evaporated. 
The  heat  flux,  q ,  required  to  evaporate  this  flux  of  molecules  is 


q  " 


(4) 


In  general,  the  heat  is  transferred  through  the  gas-boundary  layer 
and  through  the  porous  network,  as  shown  in  the  schematic  dia¬ 
gnm  of  the  temperature  profile  in  Fig.  7(C).  The  heat  flux  for  bus 
process  is  given  by 

q  •  (l//t  ♦  xA,)-(r*  -  7")  (5) 

where  h  is  the  heat  transfer  coefficient  and  k.  the  effective  thermal 
conductivity  of  the  porous  network,  given  by 

*.  -  [(U  -  «)/*»>  *  («/**)]*'  (6) 

where  It,  is  the  thermal  conductivity  of  the  solid  and  k,  the  thermal 
conductivity  of  the  gas  in  the  pores.  However,  in  our  experiments 
thermal  contact  is  made  through  the  bottom  of  the  pellet  with  the 
platform  allowing  us  to  assume  a  constant  temperature  for  the 
pellet.  Generally,  this  is  not  the  case  for  drying  ceramic  green 
bodies.  In  general,  at  steady  state  both  mass  transfer  flux  and 
heat  transfer  flux  are  balanced  according  to  Eq.  (4).  giving  rise  to 
a  "wet  bulb"  temperature  at  the  liquid  interface  inside  the  porous 
structure. 

To  determine  the  weight  loss,  dm/dr.  in  the  sample,  the  rate 
liquid  recedes  in  the  pores,  dx/dt.  must  be  calculated  from  the 
overall  mass  transfer  flux.  J.  as  shown 


dm/dt  “  -tp,A  dx/dt  ■  -JAM', 


(7) 


where  A  is  the  exposed  surface  area  of  the  sample  and  a  «  me 


density  of  the  liquid.  Shew14  has  shown  that  the  liquid  vapor 
interface  in  porous  materials  is  fractally  rough.  Equation  (7)  as¬ 
sumes  a  liquid  vapor  interface  that  is  smooth  and  located  at  the 
avenge  location  of  die  fractally  rough  interface. 

The  weight  loss  rate  will  depend  on  which  step  in  the  mass- 
transier/  beat -transfer  sequence  is  the  rate -determining  step.  For 
example,  when  mass  transfer  in  the  boundary  layer  is  the  rate- 
determining  step,  the  ume  to  dry  the  porous  network  to  a  liquid 
layer  of  x  thickness  ts 

r  «  TUt/xo)  (8) 

where  x0  is  the  thickness  of  the  powder  compact  and  r  the  maxi¬ 

mum  time,  given  by 

T  -  Xo tht/[MLK,(Pi/Rr  -  Pf/RT*)]  (9) 

Assuming  that  the  partial  pressure  of  vapor  of  solvent  in  the  bulk 
gas  is  essentially  zero,  then 

t  -  xep,*/[MLKAP1/RTg)]  (10) 

where  Pi  is  calculated  at  the  temperature  T*  because  heat  transfer 

is  fast. 

If  pore  diffusion  is  the  rate-limiting  step,  then  the  tune  to  dry 


the  porous  network  is  given  by 

i  -  rix/xt,)'  (11) 

where  the  maximum  time.  r.  has  a  new  definition: 

r  -  x&tKlMlD.iPitRT*)}  (12) 

If  heal  transfer  in  the  boundary  layer  was  the  rate -determining  step, 
then  the  time  to  dry  the  porous  network  is 

t  •  Hx/xc)  (13) 

where  the  maximum  time.  r.  is  defined  as 

r  -  -  D]  (U) 

If  heat  conduction  in  the  pores  was  the  rate-determining  step,  then 
the  ume  to  dry  the  porous  network  is 

I  *  rlx/xo)5  (15) 

where  the  maximum  time.  r.  is  defined  as 

t  •  -  r*)]  (16) 


Determining  the  maximum  times  for  each  of  the  possible 
rate-determining  steps  gives  all  of  the  possibilities  for  the  actual 
rate -determining  step.  The  longest  maximum  ume  is  that  of  the  ac¬ 
tual  rate-deierrmmng  step  for  a  given  set  of  experimental  conditions. 
When  two  or  more  maximum  antes  are  large  and  about  equal,  then 
both  these  steps  are  simultaneously  rate -controlling  (called  mixed 
control).  Under  some  eondiuons  the  rate-controlling  step  can 
change  as  drying  proceeds.  Mixed  control  dunng  drying  and 
changing  from  one  rate-controlling  step  to  another  dunng  drying 
will  not  be  discussed  further  in  this  paper. 

Once  the  rate -determining  step  has  been  determined,  the 
weight  loss  can  be  calculated.  If  either  boundary  layer  beat  transfer 
or  boundary  layer  mass  transfer  is  the  rate -determining  step,  then 
the  weight  loss  is  given  by: 

mil)  -  m»  ■  -tp,Axti/r  (17) 

If  either  pore  diffusion  or  pore  heat  conduction  is  the  rate- 
determining  step,  then  the  weight  ioss  is  given  by 

mil)  -  mo  ■  -eptAxt  Vr/(V  n  (18) 

In  the  last  two  equations,  the  appropriate  expression  for  r  is  used 
for  the  governing  rate-determining  step.  These  two  weight  loss 
expressions  show  either  constant  slope,  when  boundary  iayer  heat 
or  mass  transfer  is  the  nte-determming  step,  or  V;  slope  wnen 
pore  diffusion  or  conduction  is  the  rate-determining  step. 

To  determine  the  rate-determining  step,  all  of  the  r  values  are 
calculated  for  the  various  drying  steps.  The  largest  r  value  is  tnat 
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of  the  slowest  step,  which  is  the  rate -determining  step 

Table  1  summarizes  the  calculates  and  observed  r  values  for 
the  three  investigated  solvent  systems.  In  all  three  cases,  heat 
conduction  through  the  pores  has  the  lowest  r  value  and  heat 
conduction  through  the  boundary  layer  has  the  largest  rvalue.  By 
establishing  good  thermal  contact  between  the  samples  and  the 
preheated  pedestal,  the  rate-controlling  process  has  been  changed 
from  boundary-layer  beat  transfer  to  one  of  the  two  mass  transport 
steps.  For  free-standing  silicon  powder  compacts,  we  would  pre¬ 
dict  that  boundary-layer  heat  transfer  would  be  the  rate- 
il«mmmw|  Step. 

For  the  octanol  sample  dried  at  200*C  with  an  Nj  ps  velocity 
of  0.1  cm/s.  we  find  that  the  largest  rvalue  in  Table  1  is  365  s  for 
boundary-layer  mass  transport  (neglecting  boundary-layer  beat 
transfer  discussed  earlier).  This  result  suggests  that  the  weight  loss 
versus  time  curve  should  be  linear  and  a  log-log  plot  of  the  data 
should  be  linear  with  a  slope  of  one.  This  behavior  is  observed  in 
Fig.  2.  The  maximum  drying  time  observed  in  Fig.  2  is  *210  s. 
which  is  slightly  smaller  than  the  calculated  r  value  of  365  s  for 
boundary-layer  mass  transport. 

With  the  methanol  sample  dried  at  80*C  and  an  Nj  gas  veloc¬ 
ity  of  1.3  cm/s.  we  find  that  the  maximum  r  value  in  Table  1  is 
1293  s  for  pore  diffusion.  The  higher  gas  velocity  decreased  the 
boundary-layer  resistance  and  the  thiclter  sample  increased  the  pore- 
diffusion  resistance.  This  behavior  suggests  that  the  weight  loss 
versus  time  curve  should  have  a  V  r  dependence,  and  a  log-log  plot 
of  the  data  should  be  linear  with  a  slope  of  0.3.  A  linear  log-log 
plot  with  a  slope  of  0.6  was  observed  in  Fig.  3.  The  maximum 
drying  time  observed  in  Fig.  3  is  600  s.  which  is  smaller  than  the 
maximum  r  value.  The  reason  that  the  r  value  for  pore  diffusion 
is  larger  than  the  measured  maximum  drying  ame  is  probably  due 
to  die  value  used  for  the  Knudsen  diffusion  coefficient.  The  pore 
radius  used  to  calculate  the  Knudsen  diffusion  coefficient  was 
estimated  to  be  one  tenth  of  the  particle  radius.  To  obtain  agree¬ 
ment  with  theory,  a  pore  radios  two  tunas  larger  should  be  used. 

A  mote  accurate  value  of  the  Knudsen  diffusion  coefficient  could 
be  obtained  if  the  pore  size  distribution  was  measured,  but  mercury 
porosunetry  could  not  be  used  on  these  friable  pellets. 

For  the  acetonitrile  sample  dried  at  2TC.  we  find  that  the 
largest  r  value  in  Table  I  is  3140  s  for  boundary-layer  mass  trans¬ 
port.  The  combination  of  a  near-zero  gas  velocity  and  a  thin  sample 
made  the  boundary-layer  resistance  dominate.  This  result  suggests 
that  the  weight  loss  versus  time  curve  should  be  linear  and  a  log-log 
plot  should  be  linear  with  a  slope  of  one.  This  behavior  is  observed 
in  Fig.  4.  The  maximum  drying  time  observed  in  Fig.  4  is  7200  s. 
which  is  larger  than  the  calculated  ?  value  for  boundary-layer  mass 
transport.  The  reason  that  the  maximum  time  is  different  than  the 
r  value  for  boundary-layer  mass  transport  is  probably  due  to  the 
value  used  for  the  mass  transfer  coefficient,  which  wu  calculated 
using  the  Colburn  analogy1*  for  natural  convective  mass  transport 
from  a  sphere.  To  obtain  agreement  with  experiment,  the  mass 
transfer  coefficient  should  be  a  factor  of  two  smaller  than  the  one 
used.  A  more  accurate  mass  transfer  coefficient  could  not  be  calcu¬ 
lated  since  the  mitogen  gas  velocity  profile  near  the  powder  com¬ 
pact  was  not  known  in  detail. 

The  FTIR  results  summarized  in  Fig.  6  show  that  adsorbed 
wlvent  concentrations  decrease  monotenicallyai  rates  that  increase 
with  increasing  temperature.  Within  the  tunc  period  investigated, 
the  concentrations  of  neither  acetonitrile  nor  methanol  decreased  to 
zero  based  on  the  2923  cm*1  peak:  the  residual  levels  decreased 
with  increasing  temperature  for  both  solvents.  Analyzing  these 
data  to  determine  the  desorption  rate  kinetics  including  the  order  of 
the  desorption  reaction  and  the  rate  constant  at  different  tem¬ 
peratures  was  unsuccessful.  The  apparent  orders  of  the  desorption 
reactions  varied  from  1.9  to  6.0  for  acetonitrile  and  2.3  to  3.9  for 
methanol.  Without  a  constant  order  for  the  desorption  reactions  for 
methaaaol  and  acetonitrile,  an  Arrhenius  plot  cannot  be  made  to 
determine  the  activation  energy  of  the  desorption  reaction.  These 
results  demonstrate  clearly  that  long  exposure  times  at  tem¬ 
peratures  substantially  above  the  solvent  boiling  potm  ( BP)  are 
required  to  completely  dry  high-puntv.  high-surface-area  oowden 
(BP  acetonitrile  80*C.  octanoi  19J*C  and  methanol  63*0.  During 
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Table  I.  t  Values  for  Various  Rate- Determining  Steps 


atMMtaa 

\  •  1*1 

Figure  2.  200*C  octanoi 

Calculated 

Pore  diffusion 

Vr 

240 

Boundary-layer  mass  transport 

t  m 

363 

Pore  conduction 

Vr 

2.3 

Boundary-layer  heat  transport 

f 

3050 

Measured 

r 

210 

Figure  3.  80*C  methanol 

Calculated 

Pore  diffusion 

Vr 

1293 

Boundary-layer  mass  transport 

t  _ 

790 

Pore  conduction 

Vr 

25 

Boundary  layer  beat  transport 

/ 

45300 

Measured 

600 

Figure  4.  27*C  acetonitrile 

Calculated 

Pore  diffusion 

V, 

2680 

Boundary  layer  mass  transport 

* . 

3140 

Pore  conduction 

Vr 

10 

Boundary  layer  heat  transport 

l 

3840 

Measured 

t 

7200 

this  desorpave  drying,  very  little  gas  (i.e.  <1%  of  the  liquid  that 
occupied  the  pores)  evolves  from  the  powder  compact.  For  this 
reason,  cracking  is  not  likely  to  be  caused  by  gas  evolution  during 
desorpave  drying  of  powder  compacts 

CONCLUSIONS 

Heat  transfer  m  the  pores  was  shown  to  be  very  fast  compared 
to  mass  transfer.  Heat  transfer  m  die  boundary  layer  was  shown 
theoretically  to  be  the  slowest  step.  But  because  the  powder  com¬ 
pacts  were  placed  on  a  platform  through  which  heat  was  trans¬ 
ferred.  boundary-layer  heat  transfer  was  not  important  in  these 
experiments .  The  drying  of  a  thin  silicon  powder  compact  on  a  heat 
sink  platform  has  been  shown  to  be  rate-limited  by  either 
boundary-layer  mass  transfer  or  pore  diffusion.  With  boundary- 
layer  mass  transport,  the  weight  loss  versus  time  was  linear,  as 
predicted  theoretically.  With  pore  diffusion,  the  weight  loss  versus 
time  was  proportion*]  to  r°*.  A  Vr  proportionality  is  predicted 
theoretically.  The  maximum  tunes  measured  for  the  drying  of  these 
thin  silicon  powder  compacts  were  of  the  same  order  of  magnitude 
as  those  calculated  from  the  r  value  for  the  operauve  rate- 
determining  step.  More  accurate  values  of  r  can  be  obtained  with 
better  values  of  the  mass-transfer  coefficient  and  the  Knudsen 
diffusion  coefficient. 

The  removal  of  the  last  monolayer  of  adsorbed  solvent  re¬ 
quites  temperatures  well  above  the  boiling  point  of  the  solvent. 
Higher  and  higher  temperatures  are  required  to  remove  more  and 
more  of  the  last  monolayer.  Some  hydrolysis  of  the  silicon  powder 
surface  was  observed  during  extended  heating  at  230*  to  300*C  in 
nitrogen. 

In  drying  other  ceramic  powder  compacts  that  are  not  heat- 
sinked  to  a  platform,  all  of  the  rate-determining  steps  are  possible 
since  the  conductivity  of  the  ceramic  powder  parades  will  be  muen 
lower  than  that  of  the  silicon  powder  used  here.  To  force  a  powder 
compact  to  dry  at  a  faster  rate,  it  is  necessary  to  decrease  the  r 
value  for  the  rate-determining  step.  Equations  listed  in  the  text 
provide  information  on  how  to  manipulate  drying  conditions  to 
increase  the  drying  rate  for  each  rate -determining  step.  When  the 
r  value  for  the  operauve  rite -determining  step  has  been  decreased 
to  below  that  of  the  second  largest  value,  a  new  rate -determining 
step  will  be  operable  and  require  different  changes  in  the  drying 
conditions  to  further  decrease  the  drying  time. 

To  obtain  dry  ceramic  bodies  without  cracks,  it  is  necessary 
to  dry  the  compacts  gently.  Exceeding  the  boiling  point  of  the 
solvent  before  the  pores  are  free  of  liquid  is  likely  to  cause  cracks 
resulting  from  internal  pressure  gradients  that  will  induce  stress  in 
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the  compact,  especially  when  mass  transfer  is  the  race-determining 
step.  Cracking  was  not  observed  in  these  experiments  when  drying 
for  liquid  removal  was  performed  it  temperatures  slightly  above 
the  boiling  point  of  the  solvent.  Higher  temperatures  are  known  to 
causa  cracking '*  during  liquid  removal. 
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APPENDIX 

NOMENCLATURE 

A  Surface  area  of  compact  exposed  to  gas. 

D  Diffusion  coefficient  (.  effective, ,  Knudsen), 

h  Heat  transfer  coefficient. 

SJf^,  Enthalpy  of  vaporization. 

J  Flux  of  liquid  molecules  in  gas. 

K,  Mass  transfer  coefficient. 

k  Thermal  conductivity  (,  effective  for  pores. ,  solid. 
!««*)• 

m  Mass  of  powder  compact  (0  at  t  •  0). 

ML  Molecular  weight  of  liquid. 

P,  Partial  pressure  of  the  liquid  {*  bulk, '  liquid  surface). 
q  Heat  flux. 

K  Gas  constant. 

T  Temperature, 

r  Time. 

x  Thickness  of  pores  that  are  liquid-free  («  at  t  •  »), 

«  Void  fraction  in  powder  compact  (neglecting  liquid). 


f  Tortuosity  of  pores  (typically  *2). 

A  Density  of  liquid,  and 

r  Maximum  drying  tune  for  a  particular  rate-determining 
step. 
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INTRODUCTION 

The  properties  of  SijN^  and  SiC  achieve  high  valusa  only  if  pressure  and/or 
sintering  aids  are  employed  during  consolidation,  usually  at  the  expense  of 
increased  cost,  restricted  maximum  size  and  complexity  of  finished  parts,  and 
degraded  high* temperature  mechanical  properties.  Also,  remaining  bulk  flaws 
have  caused  excessive  variation  in  their  properties.  This  processing  research 
program  was  initiated  for  these  reasons.  Our  strategy  was  based  on  producing 
flaw* free  green  parts  made  directly  from  high- purity,  small  disaster  powders. 

PONDER  SYNTHESIS 

A  new  synthesis  process  was  developed1*3  to  produce  small,  high  purity, 
non- agglomerated  powders  of  Si  and  SIC  since  they  were  not  available.  The 
laser  heated  gas  phase  synthesis  process  was  selected  because  very  high 
quality  powder  can  be  produced  and  commercial- scale  manufacturing  costs*  can 
be  as  low  as  $1.50- $2. 00/kg  plus  the  reactant  costs. 

The  ceramic  powders  are  synthesized  by  rapidly  heating  a  reactant  gas 
stream  with  a  CO  CO2  laser  until  particles  form  and  grow.4  Silane  (SiH^)  is 
used  to  make  Si  powders  and  SIJH4  mixed  with  methane  (CH4)  or  ethylene  (C2H4) 
is  used  to  make  SiC.* 

The  powder  characteristics  are  controlled  by  the  cell  pressure,  the 
reactants,  their  flow  rates  and  flow  ratios,  the  laser  power  and  intensity, 
and  cell  geometry  primarily  through  their  Influence  on  the  temperature 
distribution  within  the  reaction  zone.  The  effects  of  these  have  been 
investigated  experimentally  and  mathematically.*'7  The  details  of  these 
modeling  studies  are  presented  elsewhere  in  this  Proceedings.* 


*  Present  Address,  ABEX  Corporation,  Research  Center,  Mahwah,  NJ 

*  Present  Address,  Toe  Nenryo  Kogyo,  Tokyo,  Japan 

*  Present  Address,  NGK  Spark  Plug,  Nagoya,  Japan 
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Table  1.  Powder  Properties 


Powder  Designation 

P28S 

FMS/FiSS 

L&S£ 

L30SC-B 

Material 

Si 

Si 

SiC 

B- doped  SiC 

Max  Temp.  (*C) 

1455 

1605 

1830 

1920 

Pressure  (10*  Fa) 

1.3 

1.3/1. 6 

1.3 

2.0 

D  (mass)(nm) 

262 

305 

90 

95 

Og  (number) 

2.6 

1.8 

1.7 

1.7 

a g  (mass) 

Packing  Density(t) 

1.5 

1.5 

1.4 

1.4 

59 

63 

63 

63 

Resulting  powders  ere  snail  (<  500  na)  and  aquiaxed,  contain  few  agglom¬ 
erates,  have  very  high  purity  (<  200  ppm  oxygen),  and  for  SiC  have  controlled 
Si:C  ratios.  The  combination  of  snail  size  and  freedom  from  agglomeration 
allows  the  powders  to  be  formed  into  dense,  virtually  flaw- free  green  bodies 
with  extremely  small  pores.  Table  1  summarizes  the  physical  characteristics 
and  green  packing  densities  of  the  Si  and  SiC  powders  used  to  make  the 
superior  reaction  bonded  silicon  nitride  (RBSN)  and  sintered  SiC  (SSC) .  The 
mean  size  (D)  and  geometric  standard  size  distributions  (o«)  are  determined 
from  TEM  T'*. 

High  quality  Si  powders  are  formed  by  the  collision  and  coalescence  of 
liquid  Si  droplets . T »•* •  The  number  density  of  particles  and  collision 
frequency  decrease  rapidly  from  initial  values  as  inelastic  collisions  result 
in  particle  growth.  Once  the  particles  solidify  and  cool  substantially  below 
1410*C,  collisions  between  the  relatively  large  particles  become  elastic.  The 
particle  size  and  morphology  distributions  are  directly  attributable  to  the 
temperature  and  velocity  distributions  in  the  reaction  zone.10*11  Uniform 
powder  is  produced  only  when  all  flow  streams  experience  similar  time- 
temperature  -concentration  histories . 

High  quality  SIC  is  formsd  from  premixed  streams  of  SUI4  and  CH4  via  a  two 
step  reaction  mechanism.0  The  reactant  gas  mixture  is  heated  until  Si 
particles  start  to  grow  by  collisions  and  coalescence  in  a  H2/CH4  atmosphere. 
As  the  temperature  of  the  particle -methane -hydrogen  mixture  continues  to 
Increase,  two  bands  appear  in  the  reaction  zone.  Si  particles  form  and  grow 
in  the  lower  band  and  carburization  occurs  in  the  upper  band.  Evidently  the 
onset  of  the  carburization  reaction  terminates  the  particle  growth  process. 

POWDER  PROCESSING 

Test  parts  were  made  to  determine  whether  using  laser  synthesized  particles 
resulted  in  superior  consolidation  kinetics  and  properties.  Our  objective  was 
to  form  high  purity,  defect- free  unfired  bodies  having  constituent  particles 
arranged  with  random  close  packed13  rather  than  ordered  close  packed 
structures.1*  Parts  were  made  from  dispersions  by  colloidal  (filter)  pressing 
and  centrifugal  casting.  Dispersing  media  were  selected  based  on  maximizing 
dispersion  stability  and  drying  kinetics  while  minimizing  contaminating 
residuals  and  destructive  effluents. 
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Powder  Dispersion 


Sul cable  dispersion  systems  were  identified  by  empirical  observation14*15 
and  by  Hatching  solvent/dispersant  systems  to  as  astir  ed  powder  surface 
characteristics  based  on  theoretical  selection  criteria. 

The  theoretical  approach  to  obtain  steric  stability  was  based  on  Fowlces ' 1  * 
technique.  This  procedure  requires  the  determination  of  the  Lewis  acid/base 
characteristics  of  the  powder  surfaces  and  the  calculation  of  the 
interactional  energies  with  candidate  molecules  using  the  E  and  C  values 
tabulated  by  Drago.1T  Anchor,  solvent  and  stabilizing  aoiety  are  selected 
based  on  these  values  and  necessary  energy  balances. 

Empirically,  stability  was  evaluated  by  light- scattering,  photon  correla¬ 
tion  spectroscopy  (PCS),  sedimentation  rate,  sediment  density,  and  micro- 
electrophoretic  mobility.  Pure  solvents  that  ware  empirically  screened1 4 • 1 5 
included  alcohols,  amines,  amides,  aldehydes,  aromatic  and  aliphatic  hydro¬ 
carbons,  carboxylic  acids,  ethers  and  ketones.  Dispersants  examined  included 
alcohols,  amines,  amides,  carboxylic  acids,  fluoronated  alkyls,  silazanes  and 
succinimides ,  each  in  hexane,  toluene,  alcohol  and  acetonitrile  solvents. 

Well  dispersed  systems  had  PCS  diameters  only  slightly  larger  than  TEM 
diameters;  they  also  had  higher  turbidities,  higher  centrifugally  cast 
densities,  lower  sedimentation  rates  and  higher  microelectrophoretic 
mobilities  than  poorly  dispersed  systems. 

Based  on  these  results,  alcohols  performed  best  for  both  Si  and  SiC 
powders.  Methanol  was  selected  from  among  the  alcohols  for  Si  due  to  its  low 
viscosity  and  high  vapor  pressure.  Octyl  alcohol  was  selected  for  the  SiC 
powder  because  it  also  provided  a  steric  barrier.  Optimized  ultrasonic 
exposures15  were  used  to  avoid  ultrasonic  induced  agglomeration. 

Shaping 

Test  parts  were  formed  by  colloidal  pressing.  In  this  technique,  the 
solvent  is  extracted  from  the  slip  through  membrane  filters  supported  by 
porous  frits  that  are  loaded  by  ported  pistons  in  a  die.  Unidirectional 
pressing  was  adopted  because  laminate  flaws  formed  along  the  midplanes  of 
bidirectionally  pressed  compacts.15 

Colloidal  pressing  times  and  pressures  were  varied  to  determine  their 
effects  on  green  density,  flaws  and  yield.  Time  had  little  effect.  The 
reciprocal  of  the  fractional  green  density  was  found  to  vary  linearly  with  the 
log  of  pressing  pressure  implying30  a  single  rearrangement  mechanism.  The 
yield  of  good  Si  parts  dropped  sharply  from  100%  for  pressures  in  excess  of  69 
MPa.  This  is  not  the  case  for  SiC  parts  which  exhibited  a  constant  yield  of 
100%  for  all  pressing  pressures  investigated  up  to  280  MPa.  After  colloidal 
pressing,  the  high  density  Si  compacts  used  in  the  mechanical  testing  study 
were  cold  isostatically  pressed  at  a  pressure  of  280  MPa.  Inclusion  of  even  a 
low  percentage  of  aggregates  lowered  the  cake  densities  to  less  than  50%  of 
theoretical.15*31*33  The  achieved  densities  of  "63%  correspond  to  that  of  a 
random  close  packed  structure.13 

Drying 

After  pressing,  the  pellets  were  dried  to  avoid  damage  during  firing. 

Drying  and  desorb t ion  rates  were  modeled35  using  TGA  and  FTIR  techniques.  The 
rate  controlling  ti  nsport  step  was  vapor  diffusion  through  either  the 
boundary  layer  or  the  pores;  without  heat-sinking,  the  rate  controlling 


mechanism  is  heat  transfer  through  the  boundary  layer.  Adsorbed  species  are 
not  removed  until  temperatures  *200°C  above  the  solvents'  boiling  points  are 
reached.  Drying  was  accomplished  with  a  24  hour  soak  in  a  200°C  N2  atmosphere 
after  an  8  hour  linear  ramp. 

Silicon  Nitriding 

Samples  used  for  mechanical  testing  were  made19’22  from  dried  Si  pellets 
nitrided  without  exposure  to  air  in  a  top  loading,  cold-wall,  vertical  axis, 
tungsten  furnace  installed  inside  an  Ar  atmosphere  glove  box  (<10  ppm  O2  &  H2O 
combined).  Complete  nitridation  was  achieved  by  heating  at  l°C/min  up  to 
1420°C,  followed  by  a  1  hour  hold.  Studies  of  the  nitriding  kinetics  and  rate 
controlling  mechanisms  show24  that  laser  synthesized  Si  parts  can  be  complete¬ 
ly  nitrided  at  lower  temperatures  in  shorter  times  (1150*0,  lh;  1250°C,  10m). 

X-ray  analysis22  showed  80-90%  ct-Si3N4  and  the  balance  0-Si3N4;  no 
unreacted  Si  was  detected.  X-ray  line  broadening  showed  nitride  crystal  sizes 
of  28  no  for  a  (29  -  30.8°)  and  33  nm  for  f)  (29  -  33.7*).  Hg  porosimetrv  p^re 
neck  radii  were  between  5  and  30  nm.  The  nitride  phase,  shown  in  the  SEM 
fracture  surface  in  Figure  1,  is  a  continuous  network  with  characteristic 
solid  phase  dimensions  between  0.2  and  0.7  /an;  this  nominally  agrees  with  both 
the  RBSN  BET  equivalent  size  (*0.24  jxm)  and  the  initial  Si  particle  size. 
Observed  pore  radii  (50-125  nm)  exceed  the  interpore  neck  dimensions  measured 
by  Hg  porosimetry.  Micrographs  of  fracture  surfaces  frequently  revealed 
5-15  pim  diameter  isolated  voids.  These  microstructural  features  are  very 
different  from  those  typically  observed  in  RBSN.25 

Silicon  Carbide  Sintering 

SiC  pellets  were  made  from  B  doped  SiC  powder  using  the  procedures 
described  in  previous  sections.  The  powder  used  was  a  L30SC  type  (Table  1)  to 
which  approximately  0.5%  by  weight  B  was  introduced  during  synthesis  using 
82%  added  to  the  reactant  gas  stream.  The  B2H5  had  no  effect  on  any  powder 
or  pellet  characteristic.  Dried  samples  were  fired  at  temperatures  ranging 


Figure  1. 


Fracture  surface  of  RBSN  made  with  laser- synthesized  Si  powder. 


Table  2.  Characteristics  of  Sintered  SiC 


Sintering  Temp.  (*C) 

1800 

1900 

1950 

1000 

2050 

2100 

Density  (%) 

65.8 

81.0 

89.1 

93.2 

97.5 

90.2 

Pore  Diameter  (nm) 

-- 

9 

3.7 

-- 

53 

73.5 

Grain  Size  (pm) 

-- 

0.3 

0.25  and 
0.5  x  2.0 

-- 

1.2  x  20 

100 

Tensile  Strength  (MPa) 

-- 

-- 

645  ±  60 

Vickers  Hardness  (GPa) 

-- 

23.8  ±  3.1 

from  1800°C  to  2100°C  in  a  graphite  tube  furnace  in  an  Ar  atmosphere.  The 
heating  cycle  consisted  of  a  508C/h  ramp  to  the  firing  temperature,  a  1  h  soak 
and  a  furnace  quench  (50-100°C/h) . 

The  densities  of  the  sintered  samples  were  determined  by  assuring  and 
weighing,  by  immersion  in  water  and  by  microstructural  analysis;  Table  2  lists 
the  averages  of  these  results.  The  densities  increased  with  increasing 
sintering  temperature  up  to  2050'SC.  An  Arrhenius  plot  of  the  linear  shrinkage 
reveals  an  apparent  activation  energy  of  *120  kcal/mole,  consistent  with 
reported  values  for  carbon  diffusion  through  SiC  grain  boundaries.2®  The 
lower  density  of  the  2100"C  samples  may  result  in  part  from  measurement 
inaccuracies;  these  pellets  included  atypical  porous  regions  near  their 
surfaces,  and  also  contained  pull-outs  that  were  counted  as  pores. 

The  sintered  SiC  remained  100%  fi  phase  up  to  a  sintering  temperature  of 
2050“C.  The  2100°C  samples  contained  approximately  equal  fractions  of  a  and  fi 
phases.  The  grain  size  and  morphology  changed  continuously  with  increasing 
firing  temperature.  Although  many  0.1-0.15  pm  grains  were  present  in  the 
1900°C  sample,  the  average  grain  size  had  already  increased  to  0.3  pm  from 
0.095  pm,  the  average  size  of  the  starting  powder.  At  1950°C,  considerable 
coalescence  of  the  particles  into  elongated  grains  occurred,  with  some 
individual,  small  equiaxial  grains  remaining.  The  sample  sintered  at  2050°C 
was  made  up  completely  of  high  aspect:ratio  cylindrical  fi  grains  approximately 


Figure  2.  Optical  photomicrograph  of  B  doped  sample  sintered  at  '  1 
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1.2  im  In  diameter  and  20  /m  long  (Figure  2).  Porno  worn  confined  to  groin 
boundaries.  At  2100* C,  equiaxad  groins  hod  grown  to  100  pm,  and  poros  were 
uniformly  distributed  throughout  the  groins. 

PROPERTY  MEASUREMENT 

A  boll-on- ring  biaxial  strength  test37 •**  was  used  to  dstsrxine  the  room 
temperature  strengths  of  the  nitriaed  and  sintered  samples  to  eliminate 
spurious  edge  effects.  This  test  and  die  4-point  MIL- STD -1942 (MR)  test  gave 
average  strengths  within  1  standard  deviation  for  samples  taken  from  a  hot 
pressed  Si3N4  billet  donated  by  the  Morton  Co.”  Hardness  and  fracture 
toughness  were  measured  using  a  Vickers  indentar.  Oxidation  resistance  of  the 
RBSN  was  measured  with  elevated  temperature  air  exposures. 

Figure  3  summarizes  the  results  of  strength  measurements  with  two  types  of 
RBSN  samples.  An  average  of  344  ±  80  MPa  (Max  -  676  MPa)  was  observed  for  a 
group  of  75*  dense  RBSN  samples  made  using  optimized  procedures  from  an  un¬ 
classified  Si  powder  (F53S)and  an  average  of  250  MPa  (Max  -  460  MPa)  for  65* 
dense  samples  made  from  an  earlier  classified  powder1*.  Figure  3  also  includes 
three  different  lines  representing  least -square  fits  of  exponential  functions 
to  RBSN,  SSN  and  HFSN  strength  data  reported  in  the  literature1  *•  **  •**  for 
laboratory  and  commercial  samples  with  various  surface  finishes. 

Laser -originating  RBSN  specimens  exhibit  average  strengths  that  are  2.5  to 
5.0  times  the  average  reported  values  at  both  corresponding  density  levels. 
After  eliminating  initially  observed  processing  flows,  both  groups  of  RBSN 
samples  exhibited  strengths  normally  associated  with  sintered  or  hot  pressed 
0-813%.  Fracture  sources  were  usually  either  5-15  ja  diameter  voids  or 
preexisting  lenticular  cracks  less  than  50  pm  deep  perpendicular  to  the  stress 
axis.  Application  of  the  Griffith  equation*1  to  (ha  observed  strengths  yields 
flaw  sizes  of  4  to  16  pm. 

The  results  of  the  strength  measurements  with  the  2050*C  SIC  samples  are 
included  in  Table  2.  Although  the  samples  are  far  from  optimal,  the  observed 
average  strength,  645  ±  60  MPa  (max  -  761  MPa),  is  approximately  twice  the 
strength  levels  normally  observed  for  sintered  SiC,a  and  is  more  typical  of 
hot  pressed  or  HIPed  SIC.  The  only  other  group  that  has  reported  SSC  strength 
levels  in  this  range**  also  employed  SIH4  based  synthesis  chemistries  and 
similar  anhydrous,  anaerobic  post- synthesis  handling  procedures. 

Vickers  hardness  values  were  determined  on  polished  surfaces  using  300  and 
500  gram  loads.  Observed  values  for  RBSN  (Figure  4)  ranged  from  3.5  to  11.0 
GPa.  The  hardness  of  77*  dense  RBSN  (’10  GPa)  is  higher  then  that  of  85* 
dense,  highly  optimized  commercial  RBSN  (’8.3  GPa).31  Using  the  indentation 
technioue , 1 4  our  dense  specimens  exhibited  an  average  Egc  **luo  of  2.8 
MPa  ■ V2  (Figure  4).  These  are  higher  than  is  characteristic  of  the  optimized 
coemercial  RBSN  (‘2.0  MPa  m1/2)Si  and  approach  those  of  sintered  0-813%. 

For  SIC,  the  observed  hardness  values  of  23.8  GPa  are  also  more  typical  of 
hot  pressed  than  sintered  SIC.  The  hardness  and  strength  values  are 
presumably  coupled,  although  there  is  no  formal  theory  to  relate  the  two 
properties  in  a  brittle  material  as  exists  for  ductile  materials.  Fracture 
toughness  values  could  not  be  measured  on  the  SIC  using  the  Indentation 
technique  because  stable  cracks  did  not  fora. 

The  oxidation  resistance  of  laser-originating  RBSN  at  1250*C  in  flowing  air 
is  strongly  dependent  on  the  porosity  level  and  pore  size.  As  predicted  by 
ThGmaler's**  results  at  the  same  temperature,  low  density  specimens  undergo 
significant  internal  oxidation  before  saturation  is  attained.  For  densities 
>85*  end  Hg  poroslmetry  pore  radii  <  60  nm,  ThGamler  showed  that  internal 


I 

3 

I 

8 

I 

I 

8 

I 

ft 

J 

I 

1 

ft 

I 

8 

9 

8 

H 

8 


90 


I 


oxidation  would  bo  rodueod  to  loss  thsa  It  duo  to  poro  closurs  by  ehs  oxldo 
product.  For  laser-originating  KBSN,  ehs  extent  of  oxidation  was  loss  than  1% 
for  specimens  hawing  dsns i ties  as  low  as  74t.  This  superior  performance  at 
lower  densities  wary  likely  results  from  our  samples  hawing  smaller  pore 
diameters  and  more  uniform  microstruetures.  The  superior  properties  result 
from  uniformly  distributed,  small  dismeter  pores  made  possible  from  the 
combination  of  Ideal  powders  and  careful  post* synthesis  processing  techniques . 

COKZXTSIOHS 

This  research  program  achieved  its  principal  technical  objective;  superior 
consolidation  kinetics  and  properties  can  result  if  powders  having  very 
specific  characteristics  are  employed  In  combination  with  careful  post* 
synthesis  handling  procedures.  Failure  to  meet  specific  requirements  in 
either  area  will  cause  adverse  effects. 

Generally,  the  required  powder  characteristics  are  the  same  as  were 
postulated.  Powders  must  be  small,  equiaxed,  uniform  in  size,  pure,  and  free 
of  aggl  operates.  Of  these  criteria,  freedom  from  agglomerates  is  the  most 
important  because  agglomerates  lower  the  achievable  green  density  to 
unacceptably  low  levels  and  introduce  large,  localized  defects. 

The  post-synthesis  handling  and  processing  procedures  are  also  subject  to 
many  constraints.  Cleanliness  is  critical  If  high  strengths  are  to  be 
realized.  Exposure  to  O2  or  H2O  can  degrade  high  temperature  mechanical 
properties  and  eonsolidation/nitrlding  kinetics  through  introduction  of 
internal  oxides.  Equally  important,  these  exposures  cause  the  surface 
chemistries  to  change  so  that  dispersion  systems  no  longer  satisfy  the 
requirements  needed  to  form  defect- free,  high  density  green  parts. 

Obtaining  nearly  complete  nltridatlon  in  less  than  10  minutes  at  only 
1250*C  is  remarkable  compared  to  the  multi -day  nitriding  schedules  and  higher 
temperatures  that  are  typically  used  to  produce  RBSN;  the  solvent  exposed 
samples  react  slower,  but  comparatively  these  rates  are  still  very  fast.  The 
enhanced  reactivity  is  attributable  to  the  high  purity  and  small  particle 
sizes  of  the  powders  used.  Equally  rapid  nitriding  should  be  possible  for 
colloidally  pressed  samples  once  the  effects  of  the  solvent  on  the  nitriding 
mechanism  are  fully  explained. 

Even  without  many  iterations  of  the  processing  variable-microstructure- 
property  approach  used  in  this  research,  we  have  achieved  property  levels  that 
were  considered  unreachable  with  RBSN  and  unusual  with  sintered  SIC.  The 
properties  of  both  are  typical  of  hot  pressed  materials.  These  improvements 
resulted  directly  from  our  ability  to  make  parts  in  which  residual  porosity 
was  distributed  uniformly  in  minimum  size  pores. 


Humorous  staff  and  students  have  contributed  to  this  work.  Hopefully,  all 
are  properly  referenced.  This  research  was  principally  sponsored  by  DOD 
(DARFA,  ONE,  and  AKO)  and  an  industrial  consortium  including  Abex  Corp.,  Aisin 
Selkl  Co.,  Alcoa,  NGK  Spark  Plug  Co.,  Nippon  Steel,  Sumitomo  Electric 
Industries,  Ltd.,  The  Japan  Steel  Works,  Ltd.,  and  Toa  Nenryo  Kogyo  K.R. 
Specific  topics  were  supported  by  NASA- Lewis,  DOE  and  a  second  industrial 
consortium  made  up  of  Caterpillar  Tractor,  Cummins  Engine  Co.,  Deere,  Inc., 
General  Motors  Corp.,  TRW  Valve  Division  and  Rhone  Poulenc.  All  contributions 
are  gratefully  acknowledged. 
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ABSTRACT 

Laser  synthesized  silicon  powders  have  been  used  to  make  reaction 
bonded  silicon  nitride  samples.  Maximum  hardness  (11.3  GNm”2),  fracture 
toughness  (3.6  MNm~3/2),  pore  size  (Hg  poroslmetry  5 0-300 A  radius)  and 
strength  (*460  MNe”2)  values  reflect  the  superior  microstructures  that  are 
observed.  Vlth  anaerobic  anhydrous  processing,  these  powders  nitride  to 
completion  In  less  than  7  hours  at  1400 *C. 


I.  INTRODUCTION 

Reaction  bonded  silicon  nitride  (RBSN)  is  one  of  the  candidate  ceramic 
materials  for  applications  where  thermal  shock,  high  temperature  strength 
and  moderate  oxidation  resistance  at  temperatures  up  to  ~1370*C  are 
desired.  Most  RBSN  properties  are  approximately  equal  to  those  of  hot 
pressed  and  sintered  silicon  nitride  (HPSN  and  SSN  respectively).  Room 
temperature  strengths  of  RBSN  are  lower  than  those  of  HPSN  and  SSN  [I] 
because  of  residual  porosity  levels;  however,  high  temperature  strengths 
can  exceed  those  of  HPSN  and  SSN  since  sintering  aids  generally  are  not 
employed  in  RBSN.  One  very  Important  characteristic  results  from  the 
nitride  forming  within  the  pore  structure  of  the  SI  powder;  parts  are  nsde 
with  minimal  changes  from  their  as-formed  dimensions. 

Our  Interest  In  RBSN  stemned  from  the  combination  of  these  factors  and 
recent  evidence  that  the  achievement  of  superior  microstructures  would 
simultaneously  permit  both  Improved  oxidation  resistance  [2]  and  strengths. 
The  required  small  pore  dimensions  and  high,  uniform  densities  appeared 
feasible  with  the  SI  powders  produced  by  the  laser  synthesis  process. 


II.  RBSN  PR0CESSIN5  STEPS 

Reaction  bonded  silicon  nitride  is  made  by  nitriding  previously 
shaped,  low  density  parts  made  of  SI  powders.  The  processing  steps 
generally  employed  are  shown  In  Figure  1.  Each  processing  step,  from 
SI  powder  synthesis  to  final  nltrldlng,  can  detrimentally  affect  properties 
of  the  parts  If  not  properly  controlled.  The  processing  conditions  used  In 
this  research  were  done  In  a  manner  that  minimized  contamination  and 
Insured  complete  reaction  of  the  Si  powders.  Although  the  reported 
nltrldlng  kinetics  are  already  much  faster  than  normal,  they  should  not  be 
viewed  as  optimized. 

The  silicon  powders  were  processed  entirely  without  direct  exposure  to 
air  or  water.  Anaerobic,  anhydrous  processing  avoided  spurious  nltrldlng 
kinetics  resulting  from  the  presence  of  oxygen,  forced  the  development  of 
new  dispersion  techniques  and  should  yield  improved  high  temperature 
mechanical  properties.  Each  of  the  employed  processing  steps  Is  discussed 
with  the  exception  of  the  post-synthesis  31  powder  handling  and  the  drying 
of  pressed  parts.  Currently,  both  are  the  subjects  of  detailed  studies. 
Empirically,  ms  established  that  storage  and  handling  in  an  Ar  «20  ppm  02 
and  <3  ppm  HjO)  atmosphere  yielded  SI  parts  which  nltrlded  reproduelbly  in 
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Fig.  1.  Processing  steps  used  to 
make  RBSN 


Fig.  2.  Reaction  cell  used  to 
synthesize  SI  powder  from  laser 
heated  SIH4 


N  2»  and  that  drying  for  one  week  at  27*C  in  Ar  followed  by  heating  to  180* 
over  a  period  of  24  hours  produced  parts  for  which  no  further  weight  losses 
were  evident.  These  procedures  were  used  throughout  this  research. 


A.  Powder  Synthesis 

The  SI  powders  were  synthesized  by  the  pyrolysis  of  C02  l**«r  heated 
SiH„  gas.  The  equipment,  the  process  modelling  and  most  powder 
characteristics  have  been  reported  previously  (3,4,5].  This  process  was 
developed  to  produce  powders  having  email  diameters,  spherical  shapes, 
uniform  diameter  distributions,  freedom  of  aggregates  and  high  purity. 

Using  powders  with  these  characteristics,  we  sntlcipatsd  that  It  should  be 
possible  to  produce  unfired  parts  with  the  highly  perfect  mlcrostructures 
needed  to  achieve  improved  oxidation  resistance  and  strengths. 

Achievement  of  these  powder  characteristics  resulted  from  Inducing 
unusual  and  uniform  time-temperature  excursions  for  both  the  premixed 
reactants  and  the  reaction  products.  Using  the  resetion  cell  shown  In 
Figure  2  In  conjunction  with  a  325  watt  CV-C02  laser,  reactant  gas  heating 
rates  between  10*  to  10**C/sec,  reaction  times  of  ~10~3sec  and  product 
cooling  rates  of  ~10S#C  are  achieved.  Compositional  control  Is  schleved 
with  mss  flow  Mters  and  by  the  relative  velocities  of  the  reactant  and 
annular  gas  streams.  Maximum  temperature  levels  can  be  controlled  to 
£  20*C.  These  process  conditions  permit  nucleatlon,  growth  and  coalescense 
'processes  to  be  controlled  In  a  manner  chat  yields  powders  having  the 
desired  characteristics  In  high  particle  number  density  gas  streams.  High 
purities  are  achieved  during  synthesis  In  the  hermetic,  eold  wall  reaction 
vessel  and  are  Mlntalned  by  transporting  the  powders  to  e  glove  box  under 
a  positive  Ar  pressure. 
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B.  Powder  Dispersion 

Our  objective  was  Co  disperse  and 
compact  silicon  particles  in  a  manner 
chac  would  permit  defect  free,  high 
coordination  nunber  green  bodies  to  be 
formed;  ac  least  random  close  packed 
structures  [7]  were  sought.  This  must 
be  effected  without  incorporating 
contami nates  that  will  hamper 
nitrldation,  densif icacion,  or  degrade 
high  temperacure  strength.  The 
criteria  for  selecting  a  dispersing 
tsedlun  for  silicon  were  based  on 
dispersion  stability,  oxidation,  drying 
kinetics,  residues  and  the  absence  of 
destructive  effluent  generation.  The 
pure  solvents  and  dispersant-solvent 
systems  examined  are  summarized  in 
Table  III.  Stability  was  evaluated'  by 
light-scattering,  photon  correlation 
spectroscopy  (PCS),  sedimentation  rate, 
sediment  density,  and  microelectro- 
phoretlc  mobility. 


•  ^ 

V  • 
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•  1  MICRON 

Fig.  3.  TEM  photomicrograph  ot 
dispersed  Si  powder  type  F-055. 


TABLE  III.  INVESTIGATED  DISPE1SAET  SYSTEMS 


Pure  Solvents 


Alcohols 
Aldehydes 

Aliphatic  Hydrocarbons 
Amides 
Amines 

Aromatic  Hydrocarbons 
Carboxylic  Acids 
Ethers 
Ketones 
Nitrides 

Well  dispersed  systems  had  agglomerate  diameters  only  slightly  larger 
than  the  PCS  mass  mean  particle  diameter,  relatively  high  zeta  potential 
values  ("60  MV),  and  higher  turbidity  than  the  non-dlspersed  systems. 
Centrifugal  casting  produced  higher  density  compacts  for  well  dispersed 
systems.  Optimum  systems  were  selected  on  the  basis  of  these  observations. 

Pure  alcohols  provided  moderate  stability  by  a  coulomblc  mechanism 
while  a  aucclnlmlde  of  molecular  weight  1200  dal tons  in  aliphatic 
hydrocarbons  provided  good  stability  by  a  more  complex  mechanism  (perhaps 
sterlc-coulombic  combined).  All  other  dispersing  systems  were  eliminated 
due  to  their  low  stability.  The  purity  criterion  was  easily  satisfied  by 
alcohols  dried  to  30  ppm  water  by  molecular  sieve;  the  alcohol  dispersed  Si 
powders  exhibited  oxygen  contents  of  0.2  wtZ  by  neutron  activation  analysis 
after  drying  to  600*C  in  ultra  high  purity  Ar.  However,  the  succinimide- 
hexane  dispersed  silicon  contained  2.3  wtX  oxygen  after  similar  treatment. 
Both  systems  permit  drying  without  destructive  effluent  generation.  Pure 
alcohol  was  chosen  as  the  medium  for  this  study  on  the  basis  of  the 
oxidation  results.  Methanol  was  selected  from  the  group  of  alcohols  for 
its  low  viscosity  and  high  vapor  pressure  which  facilitate  colloidal 
pressing  and  drying. 


Dispersants 

Alcohols 

Alkylated  Chlorosilanes 
Alkylated  Silazanes 
Amides 
Amines 

Carboxylic  Acids 
Fluoronated  Alkyls 
Silazanes 
Succinamides 
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The  process  conditions  used  for  powder  synthesis  end  the  resulting 
powder  characteristics  are  suaaarlzed  in  Tables  I  and  II  respectively. 
Increasing  the  laser  power  and  the  resulting  asxlaua  particle  teaperacures 
caused  aajor  changes  in  the  types  of  particles,  the  types  of  aggregates, 
the  aean  particle  sizes  and  the  particle  size  distribution.  The  powders 
generally  contain  <100  ppa  total  lapurltles  by  ealsslon  spectroscopy  and 
<0.1  wtZ  oxygen  by  neutron  activation. 

The  powder  designated  B-004  represents  our  best  early  atteapt  to 
increase  the  aean  particle  size  when  the  RSSN  research  was  initiated;  it 
contained  three  particle  types.  The  first  are  the  prlaary  spherical 
particles  (10-30  na  disaster)  that  fora  directly  froa  the  gas  phase;  their 
nucleatlon  and  growth  kinetics  have  been  aodelled  (6).  These  uniform 
disaster  prlaary  particles  have  a  log  noraal  particle  size  distribution 
width  paraaeter  of  1.23.  The  second  partiele  type  consisted  of  chainy 
aggregates  (2  to  20  pertides)  of  the  prlaary  particles  sintered  together. 
The  third  particle  type  was  large  (80  to  500  na)  single  or  blerystal 
particles  that  apparently  fora  by  asltlng  and  eoalesence  of  the  other  two 
partiele  types.  The  overall  aedlan  diameter,  size  distribution  and  percent 
of  aggregates  reflect  the  presence  of  the  three  particle  types. 

The  high  percentage  of  aggregates  precluded  fabricating  high  density 
Si  parts  froa  the  as-synthesized  B-004  powders.  Consequently,  the  fines 
and  aggregates  were  centlfugally  separated  to  produce  a  powder  with  a  aore 
uniform  partiele  size  distribution  (B-004  SED).  These  sedlaanted  powders 
were  used  for  most  of  the  subsequent  processing  research  while  synthesis 
reseraeh  continued.  Compact  densities  iaproved  with  the  elimination  of  the 
fines  and  aggregates. 

The  two  other  powder  types  (F-028  and  F-05S)  had  larger  particle  sizes 
and  partlela  size  distributions  but  fewer  aggregates  than  the  sedlaanted 
powder.  A  TEM  of  the  dispersed  F-05S  powder  is  shown  in  Figure  3.  Initial 
experiments  with  these  improved  powders  gave  higher  compact  densities  than 
the  sedlaanted  powder. 


TABU  I.  SYNTHESIS  CONDITIONS  FOB  SILICON  FOVDEBS 


Powder 

Saaple 

Number 

Cell 

Pressure 

(MN/n2) 

Silane 

Mesa  Plow 
Bate 

(seen) 

Laser 

Power 

(watts) 

Laser 

Intensity 

(watts/cm2) 

Max 

Brightness 

Teap. 

CC) 

B-004 

0.071 

30 

180 

5. 7x10 3 

1280 

F-028 

0.131 

60 

325 

3.2x10  3 

1455 

F-055 

0.131 

110 

325 

3. 2x10 3 

1605 

TABU  II.  P0VDE&  CHARACTERISTICS 


Powder 

BIT 

TIM  Median 

Dlaaetar 

Mass 

Compact 

Saaple 

Iqulv. 

Disaster 

Distribu¬ 

Fraction 

Density* 

Number 

Dlaaetar 

By  Mass 

tion  Width 

Aggregates 

(na) 

(na) 

Paraaeter 

(X) 

(X) 

B-004 

US 

175 

1.79 

17.2 

45 

B-004  SED 

134 

205 

1.41 

7.8 

55 

F-028 

227 

263 

1.68 

2.5 

64 

F-055 

217 

305 

1.76 

3.8 

69 

Pressed  with  standard  (69  MNsr2  pressure,  15  ainute)  pressing  conditions 


C.  Ihaplni 


Fares  wars  formed  by  colloidal 
prasslQg.  Facilltacad  by  a  lubricating 
fluid  acelng  undar  hydrostatic 
pressure,  this  procsss  is  capable  of 
producing  relatively  defect  free,  high 
density  compacts.  The  die  apparatus  is 
shorn)  schematically  in  Figure  4.  The 
solvent  is  extracted  froe  the  slip 
through  aeabrane  filters  which  cover 
porous  stainless  steel  frits  that  are 
loaded  by  ported  stainless  steel 
pistons.  The  die  is  brass.  Two  porous 
frits  are  used  in  bidirectional 
prassing;  one  is  used  for 
unidirectional  pressing. 

The  silicon  slip  was  preparad  by 
sonicating  a  S  volZ  silicon  methanol 
mixture  in  a  glass  vial  for  three 
minutes  at  a  power  level  of  65  watts. 

The  slip  was  then  plpeted  into  the  die 
and  pressed. 

Consolidation  takes  place  in  two 
stages,  filtration  and  cake  compaction. 

The  slip  is  filtered  through  the  porous 
aeabrane  as  load  is  applied,  building 
up  a  porous  cake  [6].  A  fluid 
extrusion  rate  of  1  cm3  fluid/cm2  of 
fllter/alnute  was  used  in  this  study. 

Rearrangement  of  particles  in  the  cake 
to  fora  a  high  density  compact  occurs  in  the  second  stage  of  consolidation 
[9].  The  final  density  is  dependent  on  the  die  pressure. 

Laminate  flaws  were  found  in  the  middle  of  the  compacts  formed  with 
bidirectional  prassing.  These  flaws  formed  when  the  opposing  filter  cakes 
met.  For  this  reason  unidirectional  flow  was  utilised  for  this  study. 

Colloidal  pressing  times  and  pressures  were  varied  to  determine  their 
effects  on  green  density,  flaws,  yields  of  good  parts,  and  nltrlded 
strength.  Time  was  varied  between  0.5  and  60  minutes  and  pressure  was 
varied  between  17.3  and  276  MNm”2.  The  results  are  reported  in  Table  IV. 
Each  box  contains  the  yield  of  good  green  pellets  (Z),  the  green  density 
(Z)  with  standard  deviation,  the  yield  of  "good”  green  pellets  that  survive 
firing,  grinding  and  lapping  (Z)  and  the  nltrlded  strength  (MMm**2)  with 
standard  deviation.  With  the  exception  of  the  0.5  minute  pressing  time, 
none  of  these  parameters  change  with  pressing  time.  There  is  a  small 
monotonlc  Increase  in  the  green  density  with  Increased  pressure.  The 
yields  of  both  good  green  and  flrad  parts  drop  off  sharply  for  pressing 
pressures  greater  than  69  MW*“2. 

The  densities  achieved  with  the  F-028  and  F- 055  powders  (Table  ZZ) 
Illustrate  the  importance  of  controlling  aggregation  and  particle  else 
distribution.  Using  the  most  reliable  pressing  conditions  (69  MNm"2, 

15  minutes),  these  powders  produced  caka  densities  of  63  and  69Z 
respectively. 

A  density  of  6 3-64 Z  corresponds  to  that  of  a  random  dose  packed 
structure  (7]  which  is  the  maximum  achievable  without  introducing  ordering 
in  uniform  diameter  spheres.  Counting  "nearly  touching”  neighbors,  the 
structure  achieves  a  coordination  number  in  excess  of  11.  The  volumetric 
expansion  during  nltrldlng  should  bring  the  "near"  particles  into  direct 
contact  thereby  producing  a  structure  whose  perfection  (pore  else  distri¬ 
bution  and  coordination  number)  approaches  that  of  close  packed  srrsys. 


SS-pwton 

||  2  no.  012  0-rings 
C3  SS*frit 

—  OJZZfim  teflon  filter 


Brass  die 


▼ 

T 

! 
-A  k»/*' 


Fig.  4.  Components  making  up 
colloidal  presaing  apparatus. 


99 


TABLE  IT.  COLLOIDAL  MASSING  CONDITIONS  AND  IESULTS 


OS  DC  PONDEK  TYPE  1-004  SED 


Pressing 

Pressing  Time  (minutes) 

Pressure 

WBM 

1 

3 

15 

60 

17.3  MNm"2 
2,500  pel 

100 

52.7  t  1.5 
50 

389 

35  MNm*2 
5,000  psl 

100 

53.3  t  1.5 
34.3 
270  ±  61 

69  MNm*2 
10,000  psi 

0 

24.2  *  2.5 
NA 

NA 

100 

55.7  t  0.9 
60 

330  ±  104 

100 

55.1  t  0.7 
40 

327  i  5 

92.5 

55.1  t  2.6 
58.2 

311  t  38 

100 

55.0  t  0.8 
80 

199  ±  18* 

138  MNm*2 
20,000  psl 

58 

55.6  t  1.6 
0 

NA 

207  MNm*2 
30,000  psl 

LBS END 

Z  yield  green  parts 

Z  green  density 
i  std.dev. 

Z  yield  nitridlng 
♦  grinding 
strength  (MNm*2) 
t  std.  dav. 

33 

56.6  ±  0.3 
0 

NA 

276  MNm*2 
40,000  psi 

0 

57.4  t  0.9 
NA 

NA 

*  Surface  finish  600  grit,  strengths  noe  comparable  to  others. 


D.  Nitridlng 


Nitriding  of  the  dried  Si  pellets  was  done  in  e  nitrogen  atmosphere 
(<10  ppm  02,  H-Q  and  C02  combined)  without  exposure  to  air.  The  kinetics 
were  characterised  by  TGA/DTA  prior  to  making  samples  for  mechanical 
property  measurements.  With  heating  rates  of  10*C/mln  up  to  1200aC  and 
0.5*C/mln  up  to  1400*C,  nitridlng  coManced  at  approximately  1200*C  and  was 
completed  below  1400*C.  The  mechanical  test  samples  were  nitrlded  by 
heating  at  l*C/mln  up  to  1200*C  and  0.5*C/mln  up  to  1400*C  followed  by  a 
1  hour  aoak  at  1400*C.  The  slower  initial  heating  rate  was  employed  to 
avoid  damaging  the  parts  if  not  fully  dried  and  the  1  hour  soak  lnaured 
complete  nltrldatlon.  Nitridlng  was  done  in  a  top  loading,  cold-wall, 
vertical  axis,  tungsten  heated  furnace  Installed  inside  an  Ar  atmoshpere 
glove  box. 


The  resulting  pellets  were  characterized  by  weight  gain.  X-ray 
diffraction,  optical  microscopy,  SEW,  BET  and  Hg  porosiaetry.  The  average 
weight  gain  corresponds  to  96.35  of  the  stoichiometric  value  based  on  tne 
weight  of  the  dry  Si  pellets.  The  discrepancy  probably  results  from  a 
combination  of  incomplete  drying  of  the  pellets  and  volatilization  of  the 
unreacted  Si;  condensates  formed  on  the  cold  furnace  walls.  X-ray  and 
mi crostructural  analysis  showed  no  evidence  of  unreacted  Si.  The  a/8  ratio 
was  >9.0.  Hg  porosiraetry  showed  all  pores  to  have  diameters  between  10  and 
60  nm  for  final  densities  ranging  from  65  to  835.  The  fractional  densities 
after  nitriding  were  close  to  the  values  anticipated,  from  densities  of  the 
unreacted  Si  pellets.  The  small  discrepancies  probably  result  from  the 
technique  used  to  measure  the  dimensions  of  the  fragile,  unreacted  Si 
pellets. 

The  features  shown  in  the  SEM  fracture  surface  (Figure  5)  corroborate 
the  ocher  characterizations.  The  nitride  phase  exists  as  a  continuous 
network  exhibiting  characteristic  dimensions  between  0.2  and  0.7  um, 
nominally  agreeing  with  the  BET  equivalent  size  (~0.24  pm).  Incerparticle 
pore  diameters  range  from  0.1  to  0.25  ua  diameter.  Because  Hg  poroslmetry 
measures  incerparticle  neck  sizes  rather  chan  pore  diameters,  these  pore 
dimensions  are  in  reasonable  agreement.  The  larger  topographical  features 
(-1.0  um)  may  reflect  larger  internal  flaws  or  may  simply  be  artifacts  of 
the  crack  path.  The  absence  of  typically  observed  needles  and  whiskers 
[10 J  is  a  direct  consequence  of  nitriding  without  oxygen  exposures  or 
additions.  Lower  magnification  mierogiaphs  of  fracture  surfaces  revealed 
occasional  5-15  um  diameter  pores. 

The  time-temperature  cycle  used 
for  nitriding  in  this  research  is 
contrasted  with  normal  practice  in 
Table  V.  The  nitriding  time 
corresponds  to  the  cumulative  time  in 
the  nitriding  temperature  range.  Even 
using  a  N2  atmosphere,  rather  than  N2- 
H2  or  NH3  atmospheres  which  give  faster 
kinetics,  these  dispersed  Si  powders 
reacted  to  completion  much  more  rapidly 
and  at  lower  temperatures  than  have 
been  reported.  The  enhanced  reactivity 
results  directly  from  the  absence  of 
oxygen  and  the  small  particle  sizes. 

Exposure  to  oxygen  inhibits  the 
nltridation  of  these  powders.  The  same 
rapid  nitriding  kinetics  were  observed 
for  final  densities  up  to  835 
illustrating  that  the  achieved 
structures  leave  open  channels  for  the 
reactant  gas. 

The  observed  change  in  the  BET 
surface  area  with  nitriding  indicates 
that  a  smooth,  crack  free  nitride  layer 
forms  directly  on  the  Si  particles. 

Thus,  the  scale,  homogeneity  and 
perfection  of  the  final  mlcrostrueture 
evolve  directly  from  those  of  the  as- 
formed  Si  particles.  We  typically  observed  that  the  surface  area  decreased 
from  -15.0  m2/g  for  the  unreacted  B-00^  SED  powder  to  a  value  of  -6.2  »-/g 
after  nitriding.  This  corresponds  to  Che  555  decrease  predicted  on  the 
basis  of  a  225  increase  in  the  volume  of  solids  and  the  change  in  density 
chat  result  from  nitriding  a  BCC  arrangement  of  Si  particles.  These 


Fig.  5.  Fracture  surface  of 
fully  nitrided  sample  made  from 
Si  powder  type  B-004  SED  RBSN. 


results  indicate  that  these  high  purity  Si  particles  nitride  by  mechanisms 
that  differ  from  other  reported  mechanisms  1 10 ] . 


TABU  V.  COMPARISON  OF  RBSN  PROCESSING  HISTORIES 


Reference 

Heating  Time 
(hrs) 

Nitriding  Time 
(hrs) 

Nitriding  Temperature 
Range  (*C) 

Ford  Motor  Co. 

Ref.  11 

- 

60 

1250-1460 

Ref.  12 

*10 

150 

1000-1400 

AMMRC 

Ref.  13 

4 

68 

1300-1400 

Ref.  14 

4 

75 

1350-1460 

Ref.  15 

4 

54 

1250-1460 

Ref.  16 

4 

110 

1150-1390 

Brown  University  [17] 

20 

84 

1100-1400 

MIT 

Dry*Prcssed  [18] 

1.3 

120 

1100-1410 

Dispersed 

20 

7 

1200-1400 

III.  MECHANICAL  PROPERTY  MEASUREMENTS 

Rooa  temperature  strengths,  fracture  toughmas  (KIC)  and  hardnata 
measurements  vara  made  on  nltrldad  aanplaa.  Strangtha  vara  aaaaurad  under 
biaxial  tension  using  the  ball  on  ring  technique  [19].  KjC  values  ware 
determined  by  the  Indentation  technique  [20]  using  a  Vickers  Hardness 
Instrument; 

The  ball  on  ring  technique  was  eaployed  rather  than  the  conventional  3 
or  4  point  bending  tests  because  it  does  not  induce  stresses  at  the  free 
edges  of  samples.  Sample  fabrication  costs  are  low  because  only  one 
surface  needs  to  be  finished  to  high  tolerance.  Also,  we  felt  that  this 
test  provided  the  most  severe  test  of  intrinsic  strengths. 

Samples  were  produced  with  three 
surface  finishes.  These  were  grinding 
with  320  grit  to  final  dimensions,  600 
grit  grinding  on  the  tensile  surface  to 
final  dimensions  after  320  grit 
roughing,  and  lapping  with  2.0  um 
diamond  on  the  tensile  surface  after 
320  and  600  grit  roughing. 

The  results  of  the  lapped  strength 
measurements  are  given  in  Table  IV  and 
results  for  the  320  grit  ,  600  grit  and 
lapped  samples  are  shown  as  regions  D, 

E  and  P  respectively  in  Figure  6,  as 
functions  of  density.  Figure  6  also 
summarizes  377  strength  results  taken 
from  40  references  (10,21*24  typical] 
in  region  B.  These  samples  include 
laboratory  and  commercial  materials 
with  all  surface  finishes.  To  put  all 
this  data  on  a  similar  basis,  four* 
point  bend  strengths  were  transformed 
to  probable  3*point  values  [24 ] .  Curve 
C  represents  a  least  square  fit  of  an 


Density  (q/cm») 


Fig.  6.  RBSN  modulus  of  rupture 
data  as  a  function  of  sample 
density.  See  text  for  explana* 
tion  of  curves  and  regions. 
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exponential  function  to  the  data  in  region  B.  Curve  A  is  Moulton* s  [10] 
exponential  repreaentatlon  that  was  force  fitted  to  Include  HPSN  strengths 
at  100Z  density. 

Surface  finish  has  an  obvious  effect  on  the  strengths  of  our  saaples. 
The  orientations  of  the  flaws  which  propagated  aatched  the  directions  of 
the  grinding  tracks  in  unlapped  samples.  Both  results  show  that  the 
strengths  in  regions  D  and  E  are  controlled  by  grinding  Induced  surface 
flews  rather  than  Internal  flaws  that  are  characteristic  of  our  KBSN. 

The  lapped  saaples  appear  to  have  broken  froa  flaws  that  are  characteristic 
of  the  aaterlal  since  cracks  showed  no  preferred  orientation  and  fracture 
surfaces  frequently  contained  5-15  urn  dlaaeter  pores.  Application  of  the 
alaple  Griffith  equation  [25]  to  the  observed  strengths  yields  flaw  sixes 
of  5  to  27  ua. 

The  strengths  exhibited  by  the  laser  originating  KBSN  saaples  are 
clearly  superior  to  reported  values.  The  strengths  of  all  of  our  lapped 
saaples  exceed  the  strengths  of  all  other  cited  strengths  for  corresponding 
densities.  Also,  others  have  shown  [26]  that  tha  ratio  between  strengths 
of  ground  saaples  oriented  parallel  and  perpendicular  to  the  grinding 
direction  is  1. 5-2.0.  Thus,  our  biaxial  tasts  were  always  oriented  in  the 
least  favorable  orientation.  Our  highest  strengths  are  1.6  tines  higher 
than  the  highest  strength  reported  for  aueh  higher  density  KBSN.  Further 
strength  iaproveaents  are  anticipated  for  the  high  density  eoapacts  aede 
possible  with  the  F-028  and  F-055  powders. 

Vickers  hardness  values  were  deteralned  on  polished  surfeces  using  300 
and  500  gram  loads.  Observed  values  ranged  froa  7.4  to  11.3  GNm“2.  Even 
for  lower  density  saaples,  these  values  arc  coaparable  to  or  higher  than 
those  of  83-85Z  dense,  highly  optlalxed  KBSN  («G.3  GNa"2)  [18].  All  of  the 
unidirectional  flow  pressed  saaples  exhibited  KjC  values  between  2.3  and 
3.6  MNa“s/2.  These  are  aarkedly  higher  than  is  characteristic  of  the 
optlalxed  type  KBSN  (-2.0  MNm~S/2)  [18].  Bidirectional  flow  pressed 
saaples  had  lower  KJC  values  (-1. 2-1.5  MNn",/2)  but  did  not  show  relatively 
low  strengths.  He  are  continuing  to  investigate  the  factors  that  gave  the 
observed  superior  H  and  KIC  values.  A  good  theoretical  basis  does  not 
exist  for  interpreting  these  properties  in  relatively  porous  ceraaics  in 
terns  of  fracture  eechanlcs  aodels. 


IV.  CONCLUSIONS 

The  achievement  of  superior  BBSN  aachanleal  properties  through 
laproved  micros true cures  has  been  deaonstrated.  Refined  process  control 
froa  the  initial  synthesis  of  the  Si  powders  to  their  final  nltrldlng  is 
the  basis  for  these  iaproveaents.  Ellalnatlng  aggregates  in  reasonably 
uniform  dlaaeter  Si  powders,  avoiding  oxygen  contamination  and  using 
nonaqueoua  dispersing  systems  are  Che  aajor  issues,  although  superior 
properties  are  realised  only  if  care  is  exercised  for  all  processing  steps. 

Even  with  relatively  low  density  KBSN,  deaonstrated  strengths  were 
higher  than  all  previously  reported  values.  Further  strength  iaproveaents 
are  anticipated  with  the  higher  green  density  eoapacts  aade  possible  with 
recent  powders.  These  8SZ  dense  KBSN  saaples  satisfy  Thualer's  pore  else 
and  density  criterion  for  oxldetlon  resistant  KBSN. 
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BZ0B  STRBN8T1 ,  OXZDATZOS  BBS! START  BBACTZOB-BOSDXD  SZLZCOII 
SZTBZDB  rmON  LA8BB-STMTBBSXSBD  SZLZCOII  POWDBB 

J. 8. Bagger ty, J.B. Flint , 6. J. Car vey, J-M.Lihraann, J. B. Ritter* 

UIYUCT 

Rtaetion  beaded  ailleea  nitride  aede  (rea  laser  syn¬ 
thesised  silicon  powders  has  superior  aeehanieal  proper¬ 
ties,  oaidatioa  resistance  and  nitrlding  kinetics  (tine  <  7 
hears  at  1420*0  •  Average  values  of  hardness  (9.2  Oho”2), 
fracture  toughness  (2.8  Ma"*^),  and  strength  (300  M«a“2 ) 
are  reported.  Saturation  oxidation  weight  gains  in  air  at 
1 2S0*C  are  less  than  It. 

Z*  INTRODUCTION 

Sanction  bonded  silicon  nitride  (RB8X)  is  a  candidate 
ceraaic  for  applications  requiring  high  strength,  theraal 
shock,  and  oxidation  resistance  up  to  ~1370*C.  Soon  tea- 
perature  strengths  of  BBSS  are  lower  than  those  of  hot 
pressed  ( SPSS )  and  sintered  silicon  nitride  (88N)  ( 1 ]  be¬ 
cause  of  residual  porosity*  however,  high  teaperature 
strengths  can  exceed  those  of  RVSII  and  SSB  since  sintering 
aids  generally  are.  not  eaployed  in  BBSS.  For  BBSS,  nitride 
foraation  within  the  pore  structure  of  the  Si  eoapact  re¬ 
sults  in  negllble  changes  in  part  dlaensions.  Recent  evi¬ 
dence  Indicates  that  parts  with  superior  alerostruetures 
have  both  iaproved  oxidation  resistance  [21  and  strength. 

Zt  appeared  feasible  to  produce  BBSS  with  the  required 
saall  pore  dlaensions  and  high,  unifora  densities  using  the 
Si  powders  produced  by  the  laser  synthesis  process. 

ZZ.  BBSS  VBOCSSSZRO  STBV8 

Beaetion  bonded  silicon  nitride  was  aade  by  nitriding 
previously  shaped,  porous  parts  aade  of  Si  powders.  The 
silicon  powders  were  processed  with  alniaal  exposure  to 
oxygen.  Anaerobic,  anhydrous  processing  included  storage, 
handling,  foraing  and  drying  in  Ar  ( < 1 Oppa  02 »  <3ppa  H20). 

A.  Powder  Synthesis 

The  Si  powders were  synthesised  by  the  C02  laser  in¬ 
duced  pyrolysis  of  SiH^  gas  (31.  This  process  was  develop¬ 
ed  to  produce  powders  having  saall  diaaeters,  spherical 
shapes,  unifora  site  distributions,  freedoa  of  aggregates 
and  high  purity.  Powders  with  these  characteristics  were 
expected  to  produce  unfirsd  parts  with  the  highly  perfect 
alerostruetures  needed  to  achieve  iaproved  oxidation  resis¬ 
tance  and  strengths. 

These  powder  characteristics  result  froa  the  unusual 
tiae-teaperature  excursions  experienced  by  the  reactants 
and  the  reaction  products.  Using  the  reaction  cell  shown 
in  Figure  1  and  a  Cw-C02  laser,  reactant  gas  heating  rates 
~10**C/see,  reaction  tines  of  ~l0~*see  and  cooling  rates  of 
~lOs*C/sec  are  achieved.  These  process  conditions  perait 
nueleation,  growth  and  coalescenae  processes  to  be  control¬ 
led  in  a  aanner  that  yields  powders  having  the  desired 
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characteristics  in  high  particle  nueber  density  gas 

streaas. 

The  process  conditions  used  for  powder  synthesis  and 
the  resulting  powder  characteristics  are  suaaarised  in 
Table  I*  The  powders  generally  contained  <100  ppa  total 
iapurities  by  eaission  spectroscopy  and  <0*t  wt«  oxygen  by 
neutron  activation*  The  powder  designated  B-004  represent¬ 
ed  our  best  powder  when  the  RB8N  research  was  initiated)  it 
contained  three  particle  types*  The  first  consisted  of  the 
prlaary  spherical  particles  (10-30  na  disaster)  that  fora 
directly  froa  the  gas  phase;  their  nucleation  and  growth 
kinetics  haws  been  aodelled 
(4).  These  particles  have  a 
log  noraal  particle  else  dis¬ 
tribution  width  paraaeter  <°LN>  | 

of  1*25*  The  second  type  con-  : 

sisted  of  chainy  aggregates  (2  t  I 

to  20  particles)  of  the  priaary 
particles  sintered  together. 

The  third  type  were  large  (80 
to  500  na)  single  or  bicrystal 
particles  that  fora  by  aelting  •: 
and  coalescence  of  the  other 
two  particle  types. 

The  high  percentage  of 
aggregates  precluded  fabricat¬ 
ing  high  density  Si  parts  froa 
the  as-synthesised  B-004 
powders.  Consequently,  the 
fines  and  aggregates  were  cen- 
trifugally  separated  to  produce 
a  powder  with  a  aore  unifora 

particle  sise  distribution  |  * f 

( B-004-8ED ) •  These  sediaented  f  j 

powders  were  used  for  the 
subsequent  processing  research 
while  synthesis  research 

continued.  Coapact  densities  Fig.  1.  Scheaatic  of  the 

iaproved  with  the  eliainatlon  reaction  cell, 

of  the  fines  and  aggregates. 


I*  yen  Gland 
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The  two  other  povdtr  types 
(F-028  and  F-0 55)  resulted  froa 
continued  synthesis  research. 

They  have  larger  particle  sises 
and  width  parameters  and  fewer 
aggregates  than  the  B-004-SED 
powder.  A  TEH  of  as-eynthe- 
sized  F-055  powder  is  shown  in 
Figure  2.  Both  of  these  pow¬ 
ders  gave  higher  compact  den¬ 
sities  than  the  sedisented 
B-004  powder.  Processing  re¬ 
search  has  continued  using 
these  powders  without  centri¬ 
fugal  separation. 

B«  Powder  Dispersion 

Our  objective  was  to  fora 
defect  free,  high  coordination 
number  green  bodies  from  dis¬ 
persions*  random  close  packed 
structures  ( S ]  ware  sought. 

The  criteria  for  selecting  a 
dispersing  medium  for  silicon 
were  based  on  dispersion  sta¬ 
bility,  oxygen  contamination, 
drying  kinetics,  residues  and 
the  absence  of  destructive 
effluents.  Pure  solvents 
screened  included  alcohols, 
amines,  amides,  aldehydes, 
aromatic  and  aliphatic  hydrocarbons,  carboxylic  acids, 
ethers  and  ketones.  Dispersants  examined  included  alco¬ 
hols,  amines,  amides,  carboxylic  acids,  fluoronated  alkyls, 
silazanes  and  succinimides,  each  in  hexane,  toluene,  alco¬ 
hol  and  acetonitrile  solvents.  Stability  was  evaluated  by 
light-scattering,,  photon  correlation  spectroscopy  (PCS), 
sedimentation  rate,  sediment  density,  and  mieroelectropho- 
retic  mobility. 

Hell  dispersed  systems  had  PCS  diameters  only  slightly 
larger  than  TEN  diameters,  and  higher  turbidity  than  the 
poorly  dispersed  systems.  Centrifugal  casting  produced 
higher  density  compacts  for  well  dispersed  systems. 

Pure  alcohols  provided  moderate  stability  by  a  DLVO 
mechanism  while  a  succlnialde  of  molecular  weight  1200  dal- 
tons  in  hexane  provided  good  stability  by  a  more  complex 
mechanism  (perhaps  steric-DLVO  combined).  Both  systems 
permit  drying  without  destructive  effluent  generation.  All 
other  dispersing  systems  ware  eliminated  due  to  their  lower 
stability.  After  drying  at  600*0  in  ultra  high  purity  Ar, 
alcohol  dispersed  powders  contained  less  oxygen  than 
succinimlde-hexane  dispersed  powders  (0.2  vt%  vs.  2.3  wt %); 
methanol  was  selected  for  its  low  viscosity  and  high  vapor 
pressure. 


•  •V 

•  % 
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Fig.  2.  TEN  photomicrograph 
of  as-synthesized  si  powder 
( F-055 ) • 


C.  Shaping 

Parts  were  formed  using  a  colloidal  press  [6] .  The 
solvent  is  extracted  froa  the  slip  through  membrane  filters 
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which  cover  porous  stainless  steel  frits  that  are  loaded  by 
ported  stainless  steel  pistons*  The  die  is  brass*  Two 
porous  frits  are  used  in  bidirectional  pressing i  oire  is 
used  for  unidirectional  pressing.  Unidirectional  flow  was 
utilised  beeauee  laainate  flaws  foraed  at  the  aiddles  of 
the  bidirectionally  pressed  coapacts. 

The  eilicon  slip  was  prepared  by  sonicating  a  S  volt 
silicon-aethanol  aixture  for  three  ainutes  at  a  power  level 
of  6S  watts*  The  slip  was  then  pipeted  into  the  die  and 
pressed*  Coneolidation  takes  place  in  two  stages:  filtra¬ 
tion  and  cake  coapaction.  A  porous  cake  [7]  builds  up  as 
the  slip  is  filtered  through  the  porous  aeabrane  with  an 
applied  load.  A  fluid  extrusion  rate  of  1  ca3  fluid/ca2  of 
f llter/ainute  was  used*  Rearrangeaent  of  particles  in  the 
cake  to  fora  a  high  density  coapact  occurs  in  the 
coapaction  stage  (8]«  The  final  density  is  dependent  on 
the  die  pressure. 

Colloidal  pressing  tiaes  and  pressures  were  varied  to 
deteraine  their  effects  on  green  density,  flaws,  yield  of 
good  parts,  and  nitrided  strength*  There  was  no  change  in 
green  density  for  tines  greater  than  1/2  ainute*  The 
variable  pressure  results  are  described  by  a  straight  line 
(Fig.  3)  when  the  reciprocal  of  fractional  green  density  is 
plotted  against  the  log  of  pressing  pressure.  This  result 
iaplies  [91  that  a  single  rearrangeaent  aechanisa  is  oper¬ 
ative.  Also  presented  in  this 
figure  is  the  relationship 
between  processing  yield  and 
pressing  pressure*  The  yield 
drops  off  draaatically  for 

pressing  pressures  above  69  Prs»n9pw«iurs<ps.«10SJ 

MM  a"2  due  to  the  incorporation  2  S  io  20  50 

of  laainate  flaws*  Evaluated 

saaples  were  pressed  at  or 

below  69  MM  a'2  (aost  at 
69  MM  a"2 ) . 

The  densities  achieved 
with  the  F-028  and  F-0S5  pow¬ 
ders  (Table  I)  illustrate  the 
importance  of  controlling 
aggregation  and  particle  sise 
distribution.  These  powders 
produced  cake  densities  of  59 
and  63*  respectively. 

A  density  of  63*  corres¬ 
ponds  to  that  of  a  randoa  close 
packed  structure  (51*  Counting  FYessmg pressure {MN*m*2) 

"nearly  touching"  neighbors,  it 
achieves  a  coordination  nuaber 
(CM)  over  11*  The  voluaetric 

expansion  during  nitriding  Fig.  3.  Density  and  yield 

should  bring  the  "near"  parti-  of  colloidally  pressed 
cles  into  direct  contact  there-  pellets  as  functions  of 
by  producing  a  structure  whose  pressure, 
perfection  (pore  else  distri¬ 
bution  and  CM)  approaches  that 
of  close  packed  arrays  (CN»12). 
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yield  (%) 


0*  Nl trldlnq 

Nitriding  of  the  dried  Si 
pellets  was  done  without  ex¬ 
posure  to  air  in  a  top  loading, 
cold-wall,  vertical  axis, 
tungsten  furnace  installed 
within  an  Ar  ataosphere  glove 
box  ( < 1 Oppe  02  fi  HjO  coebined). 
The  test  samples  were  com¬ 
pletely  nitrided  by  heating  at 
1 *C/«in  up  to  1200*C  and 
O.S*C/ein  up  to  either  1410*C 
{ B-004-SED )  or  1 420*C  (F-055), 
followed  by  a  1  hour  hold.  The 
slow  initial  heating  rate  was 
eaployed  to  avoid  damaging  the 
parts  if  not  fully  dried. 

X-ray  analysis  showed  no 
evidence  of  unreacted  Si  in  the 
nitrided  pellets  of  density 
<76%,  an  a/B  ratio  of  approx¬ 
imately  90/10  and  a  nitride 
grain  slse  of  26  na  for  a  and 
33  na  for  0.  Hg  porosiaetry 
pore  neck  radii  were  between  5 
and  30  na  for  all  densities. 

The  nitride  phase,  shown  in  the 
SSM  fracture  surface  in  Figure 
4,  is  a  continuous  network  with 
characteristic  diaensions 
between  0.2  and  0.7  |ia,  nomi¬ 
nally  agreeing  with  both  the 
RSBN  BET  equivalent  sixe 
(-0.24  ua)  and  the  Si  parti¬ 
cles.  Pore  radii  (50-125  na) 
exceed  the  interpore  neck 
diaensions  aeasured  by  Hg  poro¬ 
siaetry.  The  absence  of  typi¬ 
cally  observed  needles  and 
whiskers  [10]  is  a  direct  con¬ 
sequence  of  processing  without 
oxygen  exposures  or  additions. 
Micrographs  of  fracture 
surfaces  frequently  revealed  5- 
15  ua  diameter  isolated  voids. 

Compared  to  conventional 
time-temperature  cycles  repor¬ 
ted  in  the  literature  pi), 
these  Si  powders  reacted  to 
completion  much  more  rapidly 
and  at  lower  temperatures. 

The  enhanced  reactivity  results 
from  high  purity  and  the  small 
particle  sizes.  The  same  rapid 
nitriding  kinetics  were  obser¬ 
ved  for  final  nitrided  densi¬ 
ties  up  to  76%. 


Fig.  4.  Fracture  surface 
of  RBSM  made  with  laser- 
synthesized  Si  powder 
(B— 004-SED). 


Fraction*  dewty  of  SijM* 


Fig.  5.  Boon  temperature 
strength  of  silicon 
nitride  vs.  density. 
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Ths  lurfaot  area  decreased  froa  -15.0  a*/g  tot  tha  un- 
raaetad  B-004-SI©  powder  to  a  aal.ua  of  -8.2  a2/g  aftar 
nitriding.  Thia  change  corraaponds  to  tha  45%  daeraaaa  la 
aurfaea  araa  pradletad  oa  tha  baals  of  a  22%  iaeraaaa  la 
tha  voluae  of  aollda  aad  tha  change  la  daaaity  that  raault 
from  nitriding  a  BCC  arrangeaent  of  Si  partielaa  with  fixed 
iatarpartiela  spacing.  Changes  la  tha  BBT  aurfaea  araa 
with  nitriding,  alcroa tructuraa  aad  x-ray  grata  aixaa  lndl- 
eata  that  tha  aitrlda  foras  aa  a  danse,  polyerys talliaa 
layar  diraetly  oa  tha  Si  partielaa  iadleatiag  a  raaetlon 
aaehaaiaa  that  diffara  froa  thoaa  raportad  by  othara  (10). 


XXX.  NBCRARXCAL  PBOPBBTY  NSASOBBMSHTS 

A  ball-on-ring  biaxial  atraagth  taat  was  uaad  to 
dataraiaa  tha  rooa  taaparatura  atrangtha  of  tha  nitridad 
saaplas*  hardnaaa  aad  fraetura  toughnaaa  vara  aaaaurad 
ualng  a  Vickers  indantar. 

Tha  ball-oa-riag  taat  waa  uaad  to  eliminate  apurioua 
adga  af facta.  An  apparatua  based  on  tha  daaiga  by  Wachtaan 
at  al.  (12)  waa  uaad  ia  conjunction  with  an  Xnatron  Corp. 
universal  taating  aaehina.  Tha  ball  dlaaatar  waa  6.35  an. 
Tha  aaaplaa  ware  taatad  uaing  a  faat  eroaahaad  apaad 
( 0. OSca/ain ) .  Practara  strength,  of,  waa  ealeulatad  (13) 
front 


-  i»U£LL  [  l+21n  -  ♦  (1 

f  4*  t2  b  (lav) 


9 
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whara  P  »  fraetura  load,v  -  Poiaaon'a  ratio  ( taken  to  ba 
0.25),  t«aaaple  thickneea  -  laa,  A  -  aaapla  radiua  -  6.35 
aa,  a  -  load  aupport  ring 
radiua  -  6.27  aa  and  b  - 
ball  contact  radiua  (taken 


to  ba  0.333  aa  •  t/3). 

Observed  atrangtha 
ware  independent  of  tha 
prasalng  tlaaa  and 
prasauras  used  to  fora  tha 
green  Si  parts.  Figure  5 
shows  tha  average  Og(300 
Nila'*2)  of  tha  20  saaplas 
aada  froa  B-004-SBD  with 
error  bars  eorrasponding  to 
tha  standard  deviations  in 
density  and  atraagth  (±  55 
NBa**2  ) .  For  eoaparison  it 
alao  gives  thrsa  different 
lines  representing  least- 
square  fits  of  exponential 
funetlons  to  RBSll,  S8N  and 
IIP  SR  strength  data  raportad 
in  tha  literature  (6,10,14) 
for  laboratory  and 
eoaaareial  saaplas  with  all 
surface  finishes. 

Laser -origins ting 
spaeiaana  that  ware  dlaaond 


Fig.  6.  Hardness  and 
fraetura  toughness  of 
laser-originating  RBSH 
vs.  density.  Error  bars 
are  typical. 


112 


Fracture  lousiness  Kc(MN«m  V2) 
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lapped  to  4  ua  exhibit  on  average  strength  that  is  2.8  to 
4.4  tlaes  tho  average  roportod  values  at  a  corresponding 
density.  Tho  highest  strengths  aeaaured  (4S0  HNa”2 )  were 
60%  higher  than  the  highest  average  strength  reported  tor 
an  optimised  85%  dense  RBSH  (290  MHa"2 )  [15]  and  15%  higher 
than  the  highest  reported  strength  (16)  for  RBSH 
(389  MHa”2).  These  lapped  speeiaens  broke  from  processing 
flaws  of  two  types.  Fracture  sources  were  usually  either 
5-15  tie  diaaeter  voids  or  preexisting  lenticular  cracks 
less  than  SO  ua  deep  perpendicular  to  the  stress  axis. 
Application  of  the  Griffith  equation  [17]  to  the  observed 
strengths  yields  flaw  sixes  of  4  to  16  tia. 

Vickers  hardness  values  were  deterained  on  polished 
surfaces  using  300  and  500  graa  loads.  Observed  values 
(Figure  6)  ranged  froa  3.5  to  11.0  GHa"2 .  The  hardness  of 
our  77%  dense  RBSB  (-10  GHa”2 )  is  higher  than  that  of  85% 
dense,  highly  optiaised  coaaercial  RB8H  (-8.3  GHa”2 )  [15]. 

Using  the  indentation  technique  [18],  our  dense  speeiaens 
exhibited  an  average  Kzc  value  of  2.8  NH/b”3/2  (Figure  6). 
These  are  higher  than  is  characteristic  of  the  optiaised 
coaaercial  RBSH  (~2.0  MHb_3/2)  [IS].  He  are  continuing  to 

investigate  the  factors  that  are  responsible  for  these 
superior  hardness  and  KJC  values. 

XV.  OXXDATXOB  RBSXSTAMCB 

Figure  7  shows  that  the  oxidation  resistance  of  laser- 
originating  RBSH  at  1 250*C  in  flowing  air  is  strongly  de¬ 
pendent  on  the  porosity  level  and  pore  sise.  As  predicted 
by  Thuaaler's  [2]  results  at  the  saae  teaperature,  our  low 
density  speeiaens  undergo  significant  internal  oxidation 
before  saturation  is  attained.  For  densities  >85%  and  Hg 
porosiaetry  pore  radii  <60  na, 
he  showed  that  internal 
oxidation  would  be  reduced  to 
less  than  1%  due  to  pore 
closure  by  the  oxide  product. 

The  extent  of  our  oxidation  at 
1 2S0*C  in  air  was  less  than  1% 
for  speeiaens  having  densities 
as  low  as  74%.  This  superior 
perforaanoe  at  lower  densities 
probably  results  froa  our 
staples  having  saaller  pore 
dlaaeters  and  aore  unifora 
aieroetructures. 

V.  C0BCL08X0R8 

The  achieveaent  of  superi¬ 
or  RBBH  aeehanieal  properties 
through  iaproved  aicrostruc- 
tures  has  been  deaonstrated. 

Refined  process  control  froa 
the  initial  synthesis  of  the  81 
powders  to  their  final  nitri¬ 
ding  is  the  basis  for  these 
laproveaents ;  critical  steps 
include  eliainatlng  aggregates 
in  reasonably  uniforn  Si  pow- 
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Fig.  7.  Oxidation  weight 
gain  and  pore  size  of 
laser-originating  RBSN 
vs.  density. 


Mean  pore  radius  (nm) 


dars,  avoiding  oxygen  contamination  and  using  nonaguaous 
disparsing  systems.  Been  with  relatively  low  density  RBSN , 
demonstrated  strengths  were  higher  than  all  previously 
reported  values.  Also,  these  74-77%  dense  RBSN  samples 
achieved  oxidation  resistance  that  Thummler  had  shown  was 
feasible  for  highly  perfect  RBSN.  Further  strength  im¬ 
provements  are  anticipated  with  the  higher  green  density 
compacts  made  possible  with  recent  powders. 
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ABSTRACT 


High  purity,  small  diameter  silicon  powders  made  from  laser  heated  SiHu 

have  been  used  to  fabricate  761  dense  reaction  bonded  silicon  nitride 
samples  with  a  fine,  uniform  microstructure.  Room  temperature  strengths 
were  751  greater  than  conventionally  processed  RBSN  (831  dense)  with 
toughness  and  hardness  values  being  about  101  greater.  These  high  strengths 
result  from  uniformly  distributed,  small  diameter  pores  (<15  um)  made 
possible  from  the  combination  of  ideal  powders  and  careful  post-synthesis 
processing. 
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INTRODUCTION 

Reaction  bonded  silicon  nitride  (RBSN)  is  usually  made  from 

"commercial"  silicon  powder  of  about  5-15  urn  diameter.1  Historically,  room 
temperature  strength  of  RBSN  is  lower  than  hot  pressed  silicon  nitride 
(HPSN)  since  the  strength  is  limited  by  the  size  of  the  largest  pore 

present.1  On  the  other  hand,  high  temperature  strengths  of  RBSN  can  exceed 
those  of  HPSN  since  sintering  aids  are  not  employed  in  the  reaction  bonding 
1,2 

process . 

This  communication  reports  the  fabrication  of  high  strength  RBSN  made 
from  nitriding  extremely  fine  (approximately  0.3  mb  diameter),  high  purity 
Si  powder  synthesized  from  laser  heated  S1H„.  It  was  believed  that  this 

starting  powder  would  yield  a  RBSN  of  high  microstructural  quality  with  a 
very  fine,  flaw-free  microstructure,  resulting  in  an  RBSN  with  superior 

properties . ^ 

I 

EXPERIMENTAL  PROCEDURE 

The  detailed  techniques  used  to  produce  RBSN  samples  are  described 
4-6 

elsewhere.  Briefly,  high  purity  Si  powder  (approximately  0.3  urn 
diameter)  is  synthesized  by  the  pyrolysis  of  C02  laser  heated  SiH^  gas.  The 

Si  powder  is  dispersed  in  a  methanol  solution  and  disc  shaped  specimens  are 
formed  by  colloidal  pressing.  In  this  technique  the  solvent  is  extracted 
through  membrane  filters  supported  by  porous  frit  loaded  by  ported  pistons 
in  a  die.  Unidirectional  pressing  is  used  since  laminate  cracks  formed 
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along  the  midplanes  of  bidirectionally  pressed  compacts.  After  removal  of 
an  optimum  amount  of  methanol,  the  samples  are  cold  isostatically  pressed 
(275  MPa)  and  then  dried  for  24  h  in  a  N2  atmosphere  using  an  8  h  linear 

heating  ramp  to  200°C.  Samples  are  nitrided  in  a  tungsten  furnace  installed 
inside  an  Ar  atmosphere  glove  box  so  that  the  samples  are  never  exposed  to 

air.  Complete  nltridation  is  achieved  by  heating  at  1°C/min  to  1200°C  and 

then  0.5°C/mln  to  1420°C,  followed  by  a  1  h  hold.  Samples  are  then  ground 
and  diamond  polished  to  4  va  on  the  tensile  surface.  The  final  dimensions 
of  the  samples  are  12.7  am  in  diameter  and  1  mm  thick. 

The  samples  have  a  porosity  of  24%  and  X-ray  analysis  showed  90%  o- 
SijNjj  and  the  balance  8  -  Si^Nj,.  X-ray  line  broadening  showed  nitride 

crystal  sizes  of  0.028  uffl  for  o  and  0.033  ym  for  8.  By  SEM  observation  the 
nitride  phase  is  a  continuous  network  with  characteristic  solid  phase 
dimensions  between  0.2  and  0.7  urn,  which  is  consistent  with  the  starting  Si 
particle  size.  Hg  poroslmetry  pore  neck  diameters  are  between  0.010  and 
0.060  um.  Observed  pore  diameters  (0.10-0.25  urn)  exceed  the  interpore  neck 
dimensions  measured  by  Hg  poroslmetry.  Micrographs  reveal  occasional  5-15 
um  Isolated  pores. 

Mechanical  testing  was  done  to  evaluate  hardness,  fracture  toughness, 

and  fracture  strength.  Hardness  was  measured  using  a  Vickers  indenter*  at 
loads  from  20  to  50  N.  Fracture  toughness  was  measured  using  the  Vickers 

7 

indentation  technique  where  toughness  (K0)  is  given  by: 


♦  Tukon ,  Measurement  Systems  Division,  ACC0  Industries,  Inc.,  Bridgeport, 
CT. 
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K  -  0.016  (S/H)1/2  PC*3/2  (D 

c 

where  E  is  elastic  modulus,  H  is  hardness,  P  is  indentation  load,  and  C  is 
the  average  measured  radial  crack  length.  The  E/K  ratio  was  determined  by 
measuring  the  diagonals  of  a  Knoop  indentation  at  an  Indent  load  of  12  N 
8 

where : 

H/E  -  0.3125  -  5^5-  (b/a)  (2) 

b  is  the  length  of  the  short  diagonal  and  a  is  the  length  of  the  long 
diagonal.  All  strength  tests  were  done  at  room  temperature  at  a  crosshead 
speed  of  0.5  cm/min,  corresponding  to  a  stressing  rate  of  about  60  MPa/S.  A 
ball-on-ring  test  apparatus  with  a  support  ring  10.46  mm  was  used  in 

conjunction  with  a  universal  testing  machine.*  The  appropriate  equation  to 
calculate  fracture  strength  is  given  in  ref.  9. 

To  compare  the  ball-on-ring  test  with  the  more  standard  four-point  bend 

a 

test,  HPSN  samples  (NCI 32  )  polished  to  4  um  finish  were  tested  using  the 
above  ball-on-ring  fixture  and  the  strengths  compared  to  those  measured  by 

10 

the  manufacturer  using  the  MIL-STD-1942(KR)  four-point  bend  test.  The 
ball-on-ring  test  gave  an  average  strength  of  945  MPa  (+60)  and  the  four- 
point  bend  test  868  MPa  (♦  109).  The  9S  higher  strength  of  the  ball-on-ring 
test  compares  quite  well  with  the  Ilf  increase  as  predicted  from  Weibull 

statistics11  where  the  effective  stressed  areas  of  the  two  tests  were 


A  Instron  Ccrp.,  Canton,  V.A . 
6  Norton  Cc.,  Worcester,  MA. 


,  I  -  V-  V; 


5 


2  2 

calculated  to  be  19.6  no  (ball-on-ring)  and  M8. 8  mm  (four-point  bend), 
respectively. 

It  is  important  to  note  that  the  strengths  for  this  SiH^-derived  RBSN 

were  systematically  improved  by  identifying  the  fracture  origins  and  then 

6  12 

eliminating  (or  minimizing)  them  by  processing  modification.  '  The  major 
large  processing  flaws  were  inclusions  from  die  contamination,  large  pores 
introduced  during  sonication  of  the  slip,  and  lenticular  cracks  introduced 
in  colloidal  pressing.  The  average  strengths  of  the  samples  processed  under 

optimum  conditions  correspond  to  a  semi-circular  flaw  size  of  about  10  um.1^ 
which  is  quite  consistent  with  the  observed,  isolated  pores  of  5-15  um 
diameter  that  exist  in  the  structure.  During  the  optimizing  of  the 
processing  procedures,  hardness  and  toughness  did  not  vary,  indicating  that 
these  properties  depend  on  the  microstructure  of  the  RBSN  and  not  on 
isolated  defects. 

RESULTS  AND  DISCUSSION 

Table  1  summarizes  the  mechanical  test  results  for  the  SiH„-derived 

RBSN.  These  results  are  based  on  an  average  from  eight  samples.  Commercial 
RBSN  (NC350)  and  two  HPSN  materials  are  included  in  the  table  for 
comparative  purposes.  Note  that  the  properties  of  NC132  are  those  measured 
by  the  current  authors  and  that  the  four-point  bending  strengths  of  NC350 
(ref.  1 u )  and  HPSN  (ref.  15)  were  converted  to  the  "equivalent"  ball-on-ring 
strengths  by  increasing  measured  strengths  by  lit.  It  is  evident  from  these 
results  that  the  mechanical  properties  of  the  SiH^-derived  RBSN  are  equal  to 
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or  exceed  those  of  commercial  RBSN  (NC350)  made  from  traditional  Si  powders. 
Most  dramatic  is  the  fact  that  the  average  strength  of  the  SiH^-derived  RBSN 

is  over  151  greater.  These  differences  in  mechanical  properties  are  even 
more  significant  when  it  is  considered  that  the  density  of  the  SlH„-derived 

RBSN  is  about  10}  less  than  the  commercial  RBSN.  The  fine-scale 
microstructure  of  this  SiH^-derived  RBSN  suggests  that  flaw  sizes  can  be 

potentially  reduced  to  values  of  the  order  of  0.1  to  0.25  pm;  thereby, 
increasing  the  strength  even  further. 

Since  fracture  toughness  and  strength  of  HPSN  vary  directly  with  the  8- 

Si content,1^  the  values  for  the  SiH^-derlved  RBSN  are  compared  in  Table 

1  with  those  of  a  fully  dense  HPSN  where  the  major  phase  is  a-Si^N^.  It  can 

be  seen  that  relative  to  density,  the  toughness  and  strength  of  the  S1H,,- 

derived  RBSN  essentially  equal  those  of  the  HPSN;  on  a  specific  density 
basis,  they  are  superior.  These  results  emphasize  that  by  careful 
processing  of  high  purity,  small  diameter  powders,  strength-controlling 
flaws  do  not  have  to  scale  with  porosity.  The  properties  of  NC132  are 
greater  then  those  of  the  SiH^-derlved  RBSN  even  on  a  relative  to  density 

basis;  however,  direct  comparison  is  not  possible  since  NCI 32  contains  6- 
Si^Njj  as  the  major  phase,  not  a-Si^N,,  as  is  the  case  for  RBSN. 

To  further  substantiate  the  fracture  toughness  value  for  the  SiH,,- 

derived  RBSN,  the  fracture  strength  (o^.)  of  all  the  samples  (both  those  with 


120 


7 


and  without  optimum  processing)  was  eorraiatad  with  the  size  and  shape  of 
the  strength-controlling  processing  flaw  by:1^ 


Z  Kc 


(3) 


f  *  /Ta 

where  Y  is  a  geometric  constant  (1.07  for  the  bending  test  fixture  used  in 


this  study),  Z  is  a  constant  related  to  the  ellipticity  of  the  flaw,  and  "a" 


is  the  depth  of  the  flaw.  Therefore,  a  plot  of  of  vs.  Z/(Y/*a)  gives  a 


curve  whose  slope  is  Kc.  Since  the  ter*  Z/(Y/ia)  contains  both  the  crack 

depth  and  flaw  shape,  it  is  a  measure  of  the  severity  of  the  strength¬ 
controlling  defect.  Figure  1  summarizes  these  results.  Not  all  the 
fracture  origins  of  the  samples  could  be  identified,  especially  those  with 
strengths  greater  than  500  MPa.  A  regression  line  through  the  data  gives  a 

1  /2 

toughness  value  of  2.7  (♦0.6)  MPa  m  which  is  in  good  agreement  with  that 
determined  from  the  Vickers  indentation  technique. 

In  addition  to  the  mechanical  properties,  the  oxidation  resistance  of 

this  SlH^-derived  RBSN  was  determined  at  1250°C  in  flowing  air.^’^  Porz  and 

17 

Thummler  showed  that  at  the  same  temperature,  low  density  silicon  nitride 
samples  undergo  significant  internal  oxidation  before  saturation  is 
attained;  however,  internal  oxidation  could  be  reduced  to  less  than  1%  due 
to  pore  closure  by  the  oxide  for  densities  >85%  and  Hg  porosimetry  pore 

diameters  <0.12  um.  For  SiH^-derived  RBSN  the  extent  of  oxidation  at  1250°C 

was  less  than  1%  for  specimens  having  densities  of  76.5%.  This  superior 
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oxidation  resistance  at  lower  densities  very  likely  results  from  the  high 
purity  combined  with  the  extremely  small  channel  size  (0.01  to  0.06  urn)  that 
allows  for  pore  sealing  at  densities  ouch  lower  than  for  conventional  RBSN . 

SUMMARY 

The  fabrication  of  76*  dense  RBSN  saaples  from  nitriding  laser- 
synthesized  silicon  powder  have  resulted  in  average  strengths  that  are  over 
75*  greater  than  saaples  made  from  traditional  Si  powder  with  toughness  and 
hardness  being  about  10*  greater.  The  specific  strength  and  toughness  of 
this  SlHjj-derlved  RBSN  are  superior  to  that  of  a-KPSN.  Oxidation  resistance 

of  this  SlH^-derived  RBSN  is  also  significantly  better  than  conventional 

RBSN.  These  superior  properties  result  from  achieving  a  fine  microstructure 
coupled  with  decreasing  the  largest  pore  size  to  below  15  urn.  Most 
importantly,  these  results  reveal  largely  unexplored  opportunities  for  other 
processes  and  materials  that  are  capable  of  achieving  highly  perfect 
mlcrostructures  in  bodies  that  need  not  be  fully  dense.  Other  possibilities 
include  different  reaction-bonded,  polymer  derived,  and  vapor  infiltrated 
ceramic  materials. 
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Table  1 .  Summary  of  Mechanical  Properties 


Material 


SiHu-originating  MC350  HPSN 


Property 

RBSN 

(Ref .1 M) 

(Ref.  15) 

NCI  32 

Phase  Composition  (a/8) 

Nitrided  Density 

90/10 

90/10 

90/10 

20/5: 

(*  Si jNjj  Theo.) 

76  (1.2)T 

83 

100 

100 

Hardness  (GPa) 

8.9  (0.5) 

8.3 

•  • 

18.5 

Toughness  (MPa  m1/2) 

2.3  (0.3) 

2.3 

2.72* 

H.O 

Strength  (MPa) 

531  (6«) 

302 

ft 

523 

9U5 

Number  in  parentheses  represents  ♦  one  standard  deviation. 

Obtained  from  extrapolating  the  toughness  data  where  a/8  compositions 
ranged  from  85/15  to  0/100. 

» 

Strength  for  an  a/8  ratio  of  60/^0  which  was  the  lowest  8  fraction  strength 
tested. 
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iguie  I  •  Fuctui-e  strength  or  Sill, ^originating  ROSH  (765  dense )  a3  „ 
function  of  the  severity  or  the  strength-controlling  defect. 
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ABSTRACT 


Unique  processing  permits  fabrication  of  RBSN  samples  containing 
exceptionally  small  defects.  These  samples  nitride  to  completion  in  less 

than  i  h  at  1A00°C  and  exhibit  average  room  temperature  strengths  of  531  MPa 
for  76f  dense  RBSN  as  well  as  excellent  toughness  and  hardness 
characteristics.  Room  temperature  strengths  of  as-processed  samples  are 
related  to  flaw  size  and  shape  by  a  fracture  mechanics  model.  To  determine 
oxidation  resistance,  samples  were  heat-treated  in  air  for  1  and  50  h  at 

1000  and  1H00°C  and  their  weight  gain  and  room- temperature  strengths  were 
measured.  These  weight-gain  and  strength  results  for  RBSN  are  compared  to 
those  of  HPSN. 
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INTRODUCTION 


Nitriding  extremely  fine  (about  0.3  urn  diameter)  silicon  powder 
synthesized  from  laser  heated  SiHj,  results  in  an  RBSN  of  high  purity  and 

fine  microstructure J  ^  The  objective  of  the  present  research  was  to  show 
that  this  high  quality  microstructure  results  in  superior  mechanical 
properties  and  oxidation  resistance. 


EXPERIMENTAL  PROCEDURE 


The  detailed  techniques  used  to  produce  the  RBSN  samples  are  described 

elsewhere.1  ^  Briefly,  the  SiHjj-originating  Si  powder  is  dispersed  in 

methanol  solution  and  disc  shaped  specimens  are  formed  by  colloidal 
pressing.  The  samples  are  cold  lsostatically  pressed  and  then  nitrided  at 

1420°C  for  1  h.  The  tensile  surface  of  the  sample  (12.7  mm  diameter  by  1  mm 
thick)  is  diamond  polished  to  a  1  ym  finish.  Hardness  and  fracture 

4 

toughness  was  measured  with  a  Vickers  indenter.  Fracture  strength  was 

determined  by  a  ball-on-rlng  test.^  In  addition,  samples  were  oxidized  in 

air  at  1000  and  1400°C  f rr  1  and  50  h.  After  oxldatiorv  strength  and  weight 
gain  were  measured. 
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RESULTS  AND  DISCUSSION 

The  samples  have  a  porosity  of  23. 5%  and  X-ray  analysis  showed  90%  a- 
Si^Njj  and  balance  6-Si^N^.  Nitride  crystal  sizes  are  0.028  tun  for  a  and 

0.033  um  for  B.  The  nitride  phase  is  a  continuous  network  with  solid  phase 
dimensions  0.2  to  0.7  pm.  Hg  porosimetry  pore  neck  diameters  are  between 
0.010  to  0.060  um.  Micrographs  reveal  occasional  5-15  um  isolated  pores. 
Table  1  summarizes  the  mechanical  testing  results  for  the  SlH^- 

orlginatlng  RBSN.  These  results  are  based  on  an  average  from  8  samples. 

RBSN  (NC350)  and  HPSN  (NCI  32)  are  Included  in  the  table  for  comparison. 

Note  that  the  properties  of  NCI 32  are  those  measured  by  the  cirrent  authors. 
It  is  evident  from  these  results  that  the  mechanical  properties  of  the  SIH^- 

orlginatlng  RBSN  are  equal  to  or  exceed  those  of  NC350.  Most  dramatic  is 
the  fact  that  the  average  strength  of  the  SiH^- originating  RBSN  is  over  75% 

greater.  It  is  important  to  note  that  these  high  strengths  for  SiHjj- 

orlglnatlng  RBSN  correspond  to  an  average  semi-circular  flaw  size  of  about 
7 

10  ym,  which  is  consistent  with  the  observed,  Isolated  pores  of  5-15  um 
diameter  that  exist  in  the  structure.  Although  the  properties  of  NCI 32  are 
not  directly  comparable  since  NCI  32  contains  B-Sl^N,,  as  the  major  phase,  the 

strength  of  NC132  relative  to  its  toughness  is  less  than  that  of  the  SiH^- 

orlginatlng  RBSN. 

To  firther  substantiate  the  fracture  toughness  value  for  the  SiH^- 
orlglnatlng  RBSN,  the  fracture  strength  (of)  of  samples  with  and  without 
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optimum  processing  was  correlated  with  the  size  and  shape  of  the  strength- 

7 


controlling  flaw  by: 


°f  "  Y 


z  Kc 


/5a 


(1) 


where  I  is  a  geometric  constant  (1.07  for  the  bending  fixture  used  in  this 
study),  Z  is  a  constant  related  to  the  ellipticity  of  the  flaw,  and  a  is  the 
depth  of  the  flaw.  Figure  1  summarizes  the  strength  results.  A  regression 


1  /2 

line  through  the  data  gives  a  toughness  value  of  2.7  (+  0.6)  MPa  m  which 
is  in  good  agreement  with  that  determined  from  the  Vickers  indentation 
technique. 

The  weight  gain  results  of  the  oxidation  experiments  are  given  in  Fig. 

8  9 

2  along  with  the  results  reported  by  others  for  RBSN  and  HPSN.  The  SIH^- 


originatlng  RBSN  exhibits  approximately  two  orders  of  magnitude  lower  weight 

B 

gain  than  results  for  two  more  dense  RBSN  materials  and  up  to  an  order  of 

o 

magnitude  better  behavior  than  HPSN.  Although  the  results  have  not  been 
analyzed  mechanistically,  it  would  appear  that  the  same  superior 
mlcrostructural  features  that  give  high  strengths  in  the  SiH^-orlginating 

RBSN  also  give  it  improved  oxidation  resistance  relative  to  the  more  dense 

g 

RBSN.  Average  oxidation  rates  of  the  SiH^ -originating  RBSN  decrease  with 


exposure  time  at  both  1000  and  1400°C,  indicating  the  formation  of 
protective  barriers  to  internal  oxidation.  The  barriers  form  rapidly  when 
large  diameter  channels  into  the  interior  of  the  samples  are  eliminated 
through  careful  processing  with  highly  perfect  powders. 
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The  strength  results  of  the  oxidation  experiments  are  given  in  Fig.  3 

for  both  RBSN  and  HPSN.  Short-term  oxidation  at  1000°C  Increases  the 
strength  of  as-machined  HPSN  samples  due  tc  the  formation  of  a  glassy  phase 

on  the  surface  that  tends  to  smooth  out  the  pre-existing  machining  flaws.10 

More  extensive,  long-term  oxidation  at  1A00°C  causes  airface  pits  to  form, 

resulting  in  a  sharp  strength  decrease.10  On  the  other  hand,  oxidation  of 

the  SIHjj -originating  RBSN  at  either  1000  or  1A00°C  causes  no  significant 

strength  changes  within  experimental  scatter.  These  results  are  consistent 
with  the  superior  oxidation  resistance  of  this  material.  These  results 
also  indicate  that  the  glassy  phase  that  forms  diring  the  initial  stages  of 
oxidation  has  little  effect  on  the  severity  of  the  strength- controlling  pores 
In  RBSN.  This  is  quite  contrary  to  the  smoothing  out  of  the  machining  flaws 
on  HPSN. 
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Table  1.  Summary  of  Mechanical  Properties 
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I 

B 

I 
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Material 


SiHg -originating  NC350 


Property 

RBSN 

(Ref.  6) 

Phase  Composition  (a/B) 

90/10 

90/10 

Nitrlded  Density 

( t  Si^Nj|  Theo.) 

76 

83 

Hardness  (GPa) 

8.9  (0.5) * 

8.3 

1  /2 

Toughness  (MPa  m  ) 

2.3  (0.3) 

2.3 

Strength  (MPa) 

531  (6B) 

302 

+Nunber  in  parentheses  represents  *  one  standard  deviation. 
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Figures 


Figure  1. 

Figure  2. 
Figure  3. 


Fracture  strength  of  SiH^-originating  RBSN  ( 76%  dense)  as  a 
function  of  the  severity  of  the  strength-controlling  defect. 

Weight  gain  after  high  temperature  exposures  in  air.  (Refs.  8  and  9) 

Relative  strength  change  after  high  temperature  exposures  in  air. 
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Surface  Tensions  of  Alumina-Containing  Liquids 

J.M.  UHRMANN*  aad  J.S.  HAGGERTY* 

Miinrhuaacti  lesnrutr  of  Technology,  Cambridge,  Massachusetts  02139 


Except  for  tboae  dealing  with  salts  and  glasses,  relatively  little 
data1'5  exist  for  the  physical  and  chemical  properties  of  liquid 
ceramics.  This  paper  reports  static  surface  tensions  of  ahimina- 
containing  melts  measured  by  the  pendant-drop  technique.  The 
systems  AljOj-CrjO],  AljOj-MgO,  AljOi-TiOj,  and  AljOi-ZiOt 
were  selected  because  they  represent  commercially  tad 

technically  interesting  alumina-based  ceramics. 

Broken  and  distorted  bonds  between  atoms  at  the  liquid-vapor 
interface  cause  an  excess  energy  defined  as  the  surface  energy.  For 
incompressible  liquids,  the  surface  energy  is  equal  to  the  suttee 
tension  because  surface  stresses  are  relieved  by  viscous  flow.  The 
surface  tension  causes  a  pressure  difference.  \P,  across  a  curved 
interface,4'7  defined  by 

AF  -  y(l/R\(z)  +  !/*,«)  (1) 


where  y  is  the  surface  energy  or  tension  of  the  liquid- vapor  inter¬ 
face  and  R,  and  Rt  are  the  principal  radii  of  curvature  of  the 
interface  at  an  altitude  z.  The  internal  pressure  within  a  fluid  body 
having  a  density  p  varies  with  altitude  as  pgr.  the  changing  pressure 
causes  the  local  shape  to  vary  accordingly. 

The  drop  shape  is  used  to  define  the  surface  tension  in  the 
pendant-drop  technique.  Figure  1  shows  the  pendant-drop  geome¬ 
try  and  Eq.  (2)  defines  the  analytical  relationship  between  the 
liquid  properties  and  pendant-drop  shape 

2y/b  -  y(l /*,«  +  \/RM)  -  pgz  (2) 


where  b  is  the  drop  radius  at  r  ■  0.  Pendant-drop  shapes  can  be 
analysed  using  the  differential  form  of  Eq.  (2) 


dlz/drx  dz/dr  1 

(1  +  (dr/dr)1)**  *  r(l  +  (dr/dr)’H 


(3) 


This  second-order,  nonintegratable  differential  equation  contains 
two  parameters,  hand 


0  ■  -«hV y  (4) 

whom  values  define  the  size  sod  the  shape  of  the  pendant  tbop 
represented  by  Eq.  (3).  0  is  also  used  to  characterize  sessile  drops; 
hot  it  is  positive  for  this  case. 
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Historically,  Bashfocth  and  Adams1  were  the  first  to  obtain  nu¬ 
merical  solutions  of  Eq.  (3).  They  tabulated  a  large  number  of  r/b 
and  z/b  solutions  that  are  accurate  to  five  significant  figures  for 
values  of  /2  ranting  from  -0.1  to  100.  However,  their  tables,  and 
similar  ones,*  ”  have  not  been  used  extensively  because  they  re¬ 
quire  an  accurate  experimental  determination  of  b. 

This  last  point  encouraged  others"'13  to  develop  an  analytical 
procedure  that  avoids  an  actual  determination  of  b.  In  these,  size 
is  gauged  by  the  equatorial  radius.  r„  and  shape.  5.  by  the  ratio  of 
the  drop  radii  at  two  different  horizontal  planes.  r,/r,  ■  5;  con¬ 
ventionally,  r,  is  measured  at  an  altitude  2 r.  from  the  bottom  of 
the  drop  (Fig.  1).  These  solutions  for  the  pendant -drop  shape  re¬ 
arrange  Eq.  (4)  as 


y_m  b^m  1  rl  _  4 ri 
PS  “  ~  0  "  0  ( r./b )l  "  H 


(5) 


to  define  a  new  term  H  -  -40(r,/b)2.  Values  of  H  have  been 
calculated11*11  and  tabulated  a*  a  function  of  5.  By  this  procedure, 
y fp  is  determined  simply  by  measuring  r,  and  r,  and  deriving  the 
corresponding  H  value  from  published  tables. 

Although  this  procedure  is  potentially  more  accurate  since  it 
eliminates  the  necessity  of  measuring  b.  the  y/p  values  are  still 
subject  to  considerable  error  since  the  calculation  depends  on  the 
precise  determination  of  r,  measured  at  an  altitude  2 r,.  Stauffer'* 


Fig.  1.  Pendant-drop  tepes  computed  for  s  constant 
r,  vtim  we  mown.  Cents  D  through  H.m&m  aider, 
correspond  to  B  vetoes  (Eq.  (3))  of  -0.23.  -0.31. 
-0.37.  -0.473.  end  -0.55.  Curves  A.  B.  and  C.  al¬ 
though  defined  by  very  clout  vetoes  of  S  m  rjr,.  we 
almost  indistiageishanto  at  <  ■  2r,;  however,  they 
correspond  to  y/p  vetoes  as  different  as  21.4.  20.1. 
md  11.7  fJ-cWg.  rtto>ctivel). 
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Fl|.  2.  Nonlinear  aspects  of  Eq.  (3)  are  illus¬ 
trated.  Parallel  curves  like  A.  B.  and  C  corre¬ 
spond  to  very  different  y/p  values  (fJ  ■  cm/f )  of 
19.0*.  25.37,  and  35.25.  respectively,  whereas 
notniasalkl  contours  D.E.mAF  define  similar 
values  of  y/p,  i.e.,  24.95  .  25.37,  and  25.82. 


analyzed  the  errors  expected  using  this  analytical  procedure.  As¬ 
suming  a  1%  measurement  error,  he  showed  that  the  uncertainty  of 
y/pis20%for5  *  0.4,  while  it  decreases  to  2.6%  for 5  *  0.85. 
The  extreme  sensitivity  of  the  technique  to  measurement  errors 
is  evident  from  the  small  differences  in  the  positions  of  curves 
A,  8,  and  C  in  Fig.  I  at  an  altitude  r  *  2r,.  Also,  it  should  be 
noted  that  H  values  tabulated  by  different  authors"  12  differ  by 
several  percent. 

The  use  of  higher  length  to  diameter  ratios  improves  the  pre¬ 
cision  because  the  pendant-drop  contours  separate  from  one  an¬ 
other  as  shown  in  Fig.  1.  The  accuracy  also  improves  because  the 
actual  pendant-drop  shape  is  less  subject  to  distortions  caused  by 
noncircular  cross  sections  of  the  solid  rods,  nonpianar  solid-liquid 
interfaces  and  non- freely-hinging  solid-liquid  interfaces.  Many 
authors12' 15  recommend  using  pendant-drop  lengths  that  exceed 
3.0  to  4.0r,. 

We  found  this  procedure  gave  unacceptable  accuracy  with  the 
oxide  melts  investigated  because  pendant -drop  lengths  in  excess  of 
2.2  to  2.6r,  could  not  be  achieved  with  the  y/p  values  character¬ 
istic  of  this  work.  Rayleigh  instability  caused  the  pendant  drops  to 
form  necks  that  collapsed  when  drop  length  to  r,  ratios  excelled 
a  critical  value  (*>2.5),  apparently  related  to  the  zone-height 
instabilities1*  found  for  floaung-zooe  crystal  growth  between  un¬ 
equal  rod  diameters.  Longer  drop  lengths  require  lower  y/p  val¬ 
ues.  Also,  we  were  not  able  to  reliably  measure  r,  and  r,  values 
with  1.0%  precision  because  of  the  combined  effects  of  an  absence 
of  a  sharp  image  boundary  caused  by  optical  flare  and  uncertain 
boundary  positions  cruised  by  vibrations  that  were  characteristic  of 
these  high-temperature  melts. 


D.  Analytical  Procedure 

Because  established  procedures  did  not  permit  y/p ’s  to  be  deter¬ 
mined  with  adequaae  precision  for  the  low  length  to  diameter  ratios 
characteristic  of  these  oxide  pendant  drops,  we  considered  other 
mans  of  analyzing  the  shapes  of  the  liquids.  We  found  that  it  was 
possible  to  distinguish  between  observed  melt  shapes  and  melt 
shapes  compared  from  Eq.  (3)  with  small  incremental  changes  in 
resumed  y/p  values.  When  the  comparisons  were  made  over  the 


Table  I.  Imparities  in  Constituent  Powders  Detected 
by  Setnlquanthadve  Plasma  Emission  Technique 
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ND 
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entire  pendant-drop  contours,  measurement  errors  appeared  ac¬ 
ceptable  even  with  the  low  length  to  diameter  ratios 

The  procedures  used  to  calculate  the  pendant-drop  shapes  fol¬ 
lowed  those  given  in  Refs.  17  to  19.  The  entire  contour  is  defined 
by  the  assumed  r.  and  0  values;  0  is  defined  by  rjb.  For  an 
assumed  r,  value,  a  family  of  contours  was  generated  as  a  function 
of  6.  Typical  contours.  A  to  If,  are  shown  in  Fig.  1  for  a  particular 
value  of  r„  Iteration  over  a  range  of  r,  values  provided  a  complete 
set  of  curves,  each  of  which  correspond  to  a  specific  b2/0;Eq.  (4) 
is  used  to  calculate  y/p  for  the  best  fitting  curve.  For  this  study, 
300  theoretical  contours  were  computed  for  IS  values  of  r.  ranging 
from  2.17  to  4.07  mm  and  20  values  of  0  ranging  from  -0.25 
to  -0.55.  The  average  incremental  y/p  between  curves  was 
approximately  1%. 

It  is  important  that  the  observed  and  calculated  contours  be  the 
same  over  their  entire  lengths.  Figure  I  illustrates  the  expected 
shapes  for  constant  r,  values  with  different  y/p  values.  Curves  A 
to  C  of  Fig.  2  illustrate  the  error  in  y/p  resulting  from  selecting 
a  contour  that  parallels  the  observed  pendant-drop  shape.  Curves 
D  to  F  of  Fig.  2  illustrate  that  the  pendant-drop  shapes  are  in  fact 
quite  a  strong  function  of  r,  for  similar  y/p  values.  With  a  little 
practice,  it  is  possible  to  distinguish  between  matching  and  incor¬ 
rect  contours. 


ID.  Experimental  Procedure 

Experimentally,  melts  were  created  on  the  bottom  ends  of 
polycrystalline  feed  rods  in  a  controlied-atmosphere  chamber. 
The  incandescent  melts  were  projected  with  a  single  lense  <20x 
magnification)  onto  a  surface  where  they  were  compared  with 
calculated  contours. 

Heating  was  accomplished  with  four  10.6-tun  wavelength 
beams  of  light  that  orthogonally  impinged  onto  the  melts  in  a  radial 
direction.  The  light  source  was  a  1350- W  COj  laser  custom  de¬ 
signed  to  emit  two  beams.  Each  of  the  emitted  beams  was  divided 
into  two  beams  with  roof  prisms.  The  beam  dimensions  on  the  melt 
surfaces  were  controlled  by  the  relative  positions  of  the  focusing 
lenses  and  the  melt.  Typical  spot  diameters  equaled  the  feed-rod 
diameters. 

Laser  heating  is  particularly  applicable  to  high-temperature 
materials.  The  laser  has  no  characteristic  temperatures  to  set 
maximum  temperature  limits.  Also,  ambient  atmospheres  can  be 
selected  without  serious  restrictions. 

Feed  rods  were  isostatically  pressed  from  powders  batched  to  the 
desired  overall  compositions  with  mixtures  of  AljO>,*  CriOj,’ 
MgO,'  TiOj,1  and  ZrOi'  powders.  The  purities  of  these  are  sum- 
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mimed  in  Table  1.  Nominally  3- mm -diameter  rods  were  sintered 
for  12  It  at  1200°C.  typically  producing  a  65%  dense.  lO-jun  grain 
size  rod.  Further  densification  occurred  over  a  distance  of  nomi¬ 
nally  one  rod  diameter  when  they  were  melted.  No  material  was 
withdrawn  from  the  melts  onto  the  feed  rods  during  the  experi¬ 
ment.  so  the  melt  compositions  were  not  changed  horn  the  batch 
compositions  by  segregation  effects.  With  the  exception  of  the 
high  ZrOi  compositions,  vaponzatioo  losses  were  negligible  and 
thus  did  not  cause  compositional  changes. 

The  relative  beam  positions  on  the  melts  and  beam  powers  were 
adjusted  to  make  the  solid-liquid  interfaces  as  flat  as  possible. 
When  properly  adjusted,  the  altitude  of  the  solid-liquid  interface 
was  uniform  within  ±0.05  mm.  Shaft  rotation  flattened  the  inter¬ 
face  further  but  could  not  be  used  effectively  in  surface  tension 
measurements  because  vibrations  made  the  (hop  shape  uncertain 
and  severely  limited  the  maximum  drop  length  that  could  be 
achieved  before  it  fell  from  the  feed  r  J. 

Temperatures  of  the  molten  pendant  drops  were  measured  py- 
rometrically.  Absolute  temperature  measurements  are  imprecise 
because  the  melts  are  transparent.  However,  they  do  provide  a 
reasonable  measure  of  temperature  gradients  within  the  pendant 
drops.  Some  superheating21'23  occurred  where  the  laser  beams  in¬ 
tersected  the  melts.  By  expanding  the  beam  diameters  to  equal  the 
feed  diameters,  the  radiant  flux  onto  the  melt  surfaces  was  made 
as  uniform  as  possible.  This  adjustment  combined  with  the  action 
of  a  spherical  radiation  shield  positioned  to  refocus  reflected 
and  emitted  radiation  on  the  center  of  the  melts  minimized  the 
superheat2*  to  "*30“C  Free  convection  in  the  melt  acted  to  reduce 
temperature  gradients  and  ensure  compositional  uniformity.  Direct 
observation  by  telescope  and  experience  with  floating  zone  crystal 
growth  from  similar  melts  indicated  that  the  pendant  drops  were 
completely  molten. 

The  chamber  was  operated  open  for  an  air  atmosphere.  For  the 
other  atmospheres,  the  chamber  was  evacuated  to  a  pressure  of 
2.7  Pa  and  backfilled  with  the  desired  gases  twice  before  con¬ 
ducting  the  experiments.  All  experiments  were  conducted  at 
98  kPa  pressure  with  static  gas  conditions.  The  initial  air  atmo¬ 
sphere  was  21°C  and  70%  humidity.  The  90%  He- 10%  Hi  gas** 
contained  6  ppm  Oi  and  12  ppm  HjO(g);  equilibrium  oxygen 
and  water  vapor  pressure  concentrations  at  2000°C  are  5.4  x  10' 2 
and  24.9  ppm.  respectively.  The  He  gas  ’  contained  1.5  ppm  Oj 
as  measured  by  a  ZrOj  electrolyte. 

The  maximum  length  to  diameter  ratio  that  could  be  achieved 
was  determined  by  progressively  increasing  melt  volumes  until  the 
melts  dropped.  Measurements  were  made  with  nearly  maximum 
volume  drops.  The  final  5  values  were  *0.85.  Generally,  each 
reported  data  point  represents  an  average  of  five  measurements. 

IV.  Results 

Conversion  of  y/p  measurements  into  y  values  requires  knowl¬ 
edge  of  the  melt  densities.  For  pure  liquid  alumina,  reported 
densities1  20,1  24  25  27  at  die  melting  point  range  from  2.51  to 
3.05  g/cm3.  We  adopted  the  more  recent  and  accepted  value'  27  of 
3.01  g/cm3.  Except3  for  CrtO>,  the  densities  of  the  other  liquid 
oxides  have  not  been  characterized  experimentally.  We  estimated 
the  densities  using  average  values  of  the  solid  thermal  expansion 
coefficients  between  room  temperature  and  the  melting  points, 
and  an  assumed  20.4%  volume  expansion  upon  melting.3  The 
liquid  densities  of  the  binary  mixtures  were  approximated  as¬ 
suming  a  linear  variation  of  the  liquid  density  with  the  molar 
concentration  of  each  species.  The  density  values  used  to  deter¬ 
mine  the  surface  tensions  are  shown  in  Fig.  3.  They  are  also  given 
in  Table  11  together  with  the  estimated  temperatures  of  the  corre¬ 
sponding  melts. 

The  measured  surface  tension  results  for  the  systems  A12Oj- 
CrjOj.  MgO.  AljOi-TiOi,  and  AUOj-ZrOj  in  each  of  the  three 
atmospheres  investigated  are  shown  in  Figs.  4  and  5.  The  y  axes 
were  truncated  to  expand  the  scales.  The  AIjOj-ZiOj  results  were 
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Table  II.  Composition,  Liquid  Density,  and 
Liquid  Temperature  of  Binary  Mixtures 


Compoattmn  of  binary 

mu  cure 
(w«%  additive) 

Calculated 
liquid  density 

(S/cm1) 

Fmmaud  melt 
IWpCTBHt 

ro 

0.50 

ALOj-CrjO, 

2.888 

2075 

1.25 
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2080 

2.00 
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3.50 
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5.00 
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11.84 
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2067 

25.00 

3.193 
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44.62 

3.455 

1935 

54.72 

3.597 

1990 

73.82 

3.883 

2145 

82.66 

4.025 

2305 

91.58 

4.167 

2480 

100.00 

4.310 

2740 

plotted  separately  from  the  others  taken  in  an  air  atmosphere 
because  the  range  of  investigated  compositions  was  wider. 

V.  Discussion 

The  results  demonstrate  the  superior  precision  of  this  technique 
for  analyzing  pendant  drops.  The  extremes  between  y/p  values  for 
five  independent  measurements  were  typically  1%  when  deter¬ 
mined  by  comparing  contours.  This  reproducibility  is  comparable 
to  the  incremental  differences  between  the  calculated  contours 
used  to  analyze  the  experimental  contours.  In  contrast,  y/p  values 
we  determined  using  conventional  methods  of  analyzing  pendant 
drops  from  measured  r,  and  r,  values  varied  as  much  as  - 10%.  As 
can  be  seen  from  Table  III.  our  precision  is  better  than  reported  by 
others  using  a  variety  of  surface  tension  measurement  techniques. 

The  potential  accuracy  provided  by  this  technique  exceeds 
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Fig.  4.  Experimental  surface  tension  of  liquids  in  (4)  air. 
(5)  helium,  and  (C)  90%  helium- 10%  hydrogen. 


present  knowledge  of  the  melt  densities.  Because  they  have  not 
generally  been  characterized  experimentally,  we  calculated  them 
using  the  stated  assumptions.  It  is  evident  that  the  y  accuracy  is 
limited  by  the  p  accuracy  at  this  time.  We  would  speculate  that 
our  absolute  y  errors  are  in  the  range  of  2  to  3%  (13  to  20  mJ/m2). 

The  difference  between  our  measured  value  for  the  surface  ten¬ 
sion  of  Al]Oj  in  He  and  that  cited  in  Ref.  3  (370  mJ/m1)  exceeds 
the  combined  estimates  of  both  errors.  This  difference  may  reflect 
systematic  differences  between  the  pendant-drop  and  bubble  pres¬ 
sure  measurement  techniques. 

In  general,  surface  energies  increased  with  increasing  available 
oxygen.  For  pure  AI2Qj,  y  was  665,  625.  and  610  mJ/m2  for  air. 

He.  and  He-Hi  atmospheres,  respectively. 

The  effect  on  surface  energies  of  additions  up  to  *■  10  wt%  was 
generally  either  a  small  monotonic  increase  or  decrease.  TiOj,  the 
exception,  caused  a  rapid  decrease  in  y  for  levels  *0.5  wt% 
followed  by  essentially  constant  y  values  for  higher  concen¬ 
trations.  Samples  for  each  atmosphere  and  dopant  group  were 
characterized  by  electron  microprobe;  surface  and  bulk  composi¬ 
tions  exhibited  no  evidence  of  segregation. 

The  y  results  have  been  treated  with  the  Gibbs  adsorption  iso¬ 
therm  analysis  to  give  the  surface  excesses  of  solute  in  the  binary 
solutions.  T,  (mol/cm2);  T,  is  defined”  by 

dy  -  -*7T\d(ln  a,)  (6) 

where  a,  is  the  activity  of  the  solute.  The  T,  values  shown  in 
Table  IV  were  calculated  with  the  approximation  that  a,  is  equal  to 
the  molar  fraction  of  the  solute.  T,  values  me  positive  and  negative 
and  they  are  at  least  100  times  smaller  than  values  corresponding 
to  a  monolayer  of  pure  solute  (nominally  2  *  10'*  mol/cm2), 
indicating  that  none  of  the  solutes  exhibits  a  strong  surface  activity 
in  liquid  alumina. 

For  an  air  atmosphere,  additives  generally  caused  the  y  values 
to  increase  or  decrease  in  the  same  direction  that  they  cause  the 
liquidus  temperatures  to  change.  For  small  concentrations,  Cr203 
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is  the  only  additive  that  raises  the  melting  point  and  it  is  the 
only  additive  that  raises  the  y  value.  The  minimum  y  value  for 
the  system  AIjOj-Zi02  corresponds  to  the  eutectic  composition, 
approximately  42  wt%  Zr02  For  Zr02  contents  »70  wt%.  y 
decreases  with  increasing  Zi02.  violating  this  generality.  This 
departure  may  result  from  a  thermal  reduction  of  the  high  ZiO: 
content  melts  as  evidenced  by  the  darkening  of  the  quenched 
pendant  drops,  following  the  trend  of  reduced  y's  with  reduced 
oxygen  partial  pressures.  Alternatively,  the  calculated  liquid  densi¬ 
ties  may  not  be  valid  over  this  extreme  range. 

The  effects  of  specific  additives  on  y  s  in  He  and  He-H2  atmo¬ 
spheres  are  more  complex;  their  magnitudes  do  not  follow  trends 
expected  on  the  basis  of  available  oxygen.  No  data  was  found 
for  the  effect  of  oxygen  partial  pressure  on  melting  points,  so  this 
correlation  could  not  be  examined.  It  is  apparent  that  y's  for  these 
systems  are  sensitive  to  atmosphere  and  composition  even  though 
the  causes  are  not  understood. 

VI.  Summary  and  Condusiofis 

An  improved  technique  for  analyzing  the  surface  energies  of 
liquids  in  a  pendant-drop  configuration  has  been  developed.  The 
procedure,  based  on  comparing  observed  and  calculated  contours, 
is  particularly  applicable  to  melts  that  cannot  be  extended  to  high 
length  to  diameter  ratios  and  to  high  temperature  melts  for  which 
precise  dimensional  characterization  is  difficult.  The  results  dem¬ 
onstrated  the  technique  with  several  alumina-containing  melts.  The 
precision  of  the  y/p  measurements  appears  to  be  approximately 
1%.  The  accuracy  of  the  y  values  is  limited  by  the  lack  of  mea¬ 
sured  p  values.  . 

Both  composition  and  atmosphere  have  significant  effects  on  y 
values.  In  an  air  atmosphere,  the  effect  of  additives  on  y's  parallels 
their  effect  on  melting  points.  In  He  and  He-H2  atmospheres  the 
effects  are  more  complex.  None  of  the  solutes  exhibited  a  strong 
surface  activity  when  analyzed  in  terms  of  Gibbs  surface  excesses. 
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F%-  5.  Experimental  surface  tension  of  AliOvZrOj  liquids  in  air. 
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Table  m.  Cited  Surface  Tension  Values 


for  Liquid  Alumina 


Surface  taroiaa 

(ml/*J) 
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Method  used 
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665  ±  15 
625  i  14 
610  ±  13 
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He 

He  +  10%  H, 

Pendant  drop  Present  work 

<p  -  3.01V 
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Theoretical  value 
based  on  electro¬ 
static  forces 
between  ions  in 
coordinated  or 
nearly  ordered 
melt 

26 

577  ±  80 

586  ±  81 

Vacuum 

Vacuum 

Drop  weight 

(P  -  2.5) 

Drop  weight 
(p  *  3.2) 

24 

690  i  48 

He 

Pendant  drop 
(p  -  2.97) 

3 
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Sessile  drop,  from 
contact  angle  value 

25 

574  ±  68 

Vacuum 

Pendant  drop 
(P  -  3.01) 

27 
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He 

Maximum  bubble 
pressure  (p  «  3.03) 
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Table  IV.  Gibbe  Surface  Excesses  of  Solute 
in  Binary  Mixtures 


Coefficient  of 

Surface  excess  correlation 
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-0.08 
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He  +  10%  H, 

-3.96 

-0.9338 
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0.9170 

He 
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He  +  10%  H, 

0.94 

0.5124 
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